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ABSTRACT

Adsorption of organic compounds in a saturated porous media is

controlled by solute and solid characteristics. This research investi-

gated the role that surface area and mineralogy of the solute and solid

play in adsorption. Four tracers, fluorescein, rhodamine B, thiocya-

nate and methylpyridone, were tested on weathered granite, unweathered

granite, silica sand and kaolinite. Adsorption isotherm tests were con-

ducted in order to determine whether chemisorption or physical adsorp-

tion was occurring. The role of surface charge and chemical structure

of the adsorbing species were investigated to ascertain their influence

on the adsorption process.

From the studies conducted, surface area and surface charge were

not found to be a dominating influence on adsorption. An analysis of

the mineralogy of the solid and chemical structure of the solute can

provide qualitative tools to predict possible adsorption mechanisms.

For definitive assessment of the adsorption characteristics of a par-

ticular solid-solute system, empirical analysis for each system is

necessary.

v i ii



CHAPTER 1

INTRODUCTION

Adsorption of solutes onto a solid mass is a primary controlling

factor in predicting mass transport in hydrogeologic regimes. The ad-

sorption phenomena occurring during the transport of compounds through

porous media is controlled by numerous factors. The size, polarity, and

polarizability of the solute, as well as the composition and surface

area of the solid, all affect the type and degree of adsorption that

will occur.

The purpose of this study is to investigate the contribution

mineralogy and surface area of the solid matrix play in the adsorption

of a variety of compounds, many commonly used as groundwater tracers.

Column and batch tests were initially run to determine the adsorptive

properties of a total of 16 different compounds. Four tracers, thiocya-

nate, fluorescein, methylpyridone, and rhodamine B, were selected to

test extensively on four different mineralogies. From these adsorption

studies a relationship between adsorptive capacity and surface area

versus adsorptive capacity and mineralogy were sought. To determine

these parameters various properties of the solid or adsorbant and solute

or adsorbate were investigated.

The adsorbant was tested to determine mineralogy, surface area,

and surface charge. The mineralogical composition of the adsorbant is

useful information in predicting the kinds of adsorption that can occur.

1
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The adsorptive capacity of clays is widely attributed to the cation ex-

change capacity, the strength of the negative charge, and the specific-

ity of the adsorption sites (Morrill et al., 1982), all parameters

directly associated with the mineralogical composition of the solid.

Surface area is often ascribed the predominant influence on adsorption

of organic compounds adsorbing onto soil matter (Ogersby, 1970). Sur-

face charge measurements are of value in elucidating the adsorptive ca-

pacity of the solid in a quantitative rather than qualitative manner.

Adsorbate characteristics are equally important in identifying

the governing adsorption parameters. The structure, chemical proper-

ties, and ionic state all contribute to a compound's tendency to adsorb.

Gregg and Sing (1982) predict adsorption based on the structure of an

adsorbate, i.e., OH groups on hydroxylated oxides and concentrated nega-

tive charge such as carbonyl groups will physically adsorb under the

proper conditions. The dissociation constant and stability of a com-

pound will predict its tendency to ionize. Structural compatability of

the adsorbant-adsorbate interface greatly enhances the likelihood- of

adsorption to occur.

Based on the adsorption controlling parameters discussed, the

following experiments were conducted. Through batch experiments the

role of surface area and mineralogy in adsorption is investigated.

Chemical and physical adsorption is examined by temperature variant

adsorption experiments, and adsorbant properties are determined by sur-

face area measurements, zeta potential measurements, and mineralogical

analyses. From this information an assessment of surface area and min-

eralogical effects on adsorption is made.



CHAPTER 2

ADSORPTION THEORY

The adsorptive forces governing molecules can be viewed as a

continuum of bond strengths. These intermolecular forces range from

weak Van der Waals forces to relatively strong chemical bonds. Adsorp-

tion is an exothermic process, the amount of energy released increasing

with increasing bond strength. This energy of adsorption ranges from

1 kcal/mole up to 200 kcal/mole. A brief review of the bond types may

illuminate the adsorption phenomena in terms of actual physical pro-

cesses.

The weakest bond strength, and most reversible adsorption, is

the Van der Waals bond. This bond is produced by electrostatic inter-

action of the adsorbate and adsorbant electron orbitals. As the mole-

cule nears the adsorbant surface fluctuations in the electron

distribution produces instantaneous dipoles, thereby causing a weak bond

between the two. These Van der Waals forces apply to all adsorbant-

adsorbate interactions and are additive with molecular size. Van der

Waals forces are significant for ions in close contact with the surface

or with adjacent adsorbed molecules whose configuration conforms spa-

tially to the adsorbing surface (Browman and Chesters, 1975). Such

forces have been attributed as the predominant adsorption mechanism for

unionized pesticides on organic matter (Ogersby, 1970).

3
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The next strongest bond type is generally referred to as a

charge transfer bond. This bond involves a partial overlap of the

adsorbant-adsorbate molecular orbitals and is typified by the hydrogen

bond. The energy of adsorption in hydrogen bonding systems is .5-15

kcal/mole. Hydrogen bonding can occur between the negatively charged

oxygens exposed on many adsorbant surfaces and protons of adsorbed water

(Low, 1961).

Many researchers have documented various forms of hydrogen bond-

ing in adsorption. Mortland (1970) concluded that hydrogen bonding with

a hydrated metal cation as a bridge between organic molecules and the

clay surface is a significant mechanism in adsorption of organic-clay

species. This type of bonding has been reported for pyridine-, ketone-,

amide-, benzoic acid-, and nitrobenzene-montmorillonites (Parfitt and

Mortland, 1968). Humic acid is held onto clay surfaces by hydrogen

bonding to a water molecule which is associated with the adsorbed cation

on the surface (Theng, 1976). Organic compounds with carbonyl groups

are adsorbed on clay as a result of hydrogen bonding between the double

bonded oxygen of the carbonyl group and the hydrogen atom of the clay

lattice (Kohl and Taylor, 1961).

Continuing along the bond strength continuum is ion exchange.

This process exchanges an ion in solution for an ion on or in the solid.

The binding forces reach 50 kcal/mole. Cationic exchange occurs between

positively charged molecules and the exchange sites on substrates.

These reactions result in no net change in energy and are temperature

independent. The adsorption of Simazine and Atrizine by organic soil

tested by Harris and Warren (1964) was found to be the same at 50°C and
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0°C. Depending on the size of the molecule the amount of adsorption

will change. For small molecules adsorption can be greater than the

cation exchange capacity due to the formation of complexes where two

molecules share a single proton. Larger molecules may adsorb less due

to covering of the exchange site or steric hindrance (Black and Winkel,

1961). The larger the molecule the greater the contribution of Van der

Waals forces to adsorption, as a result the cation exchange capacity

will not necessarily be predictive of the adsorptive capacity of the

clay.

Anion exchange is not as well documented as cation exchange in

soils. It occurs as electrostatic interactions or chemical bonding.

Davis and Lecke (1979) report adsorption of weak acid anions such as

Cr 204 
may involve protonated forms of the anion forming complexes with

protonated silica surfaces. A similar mechanism reported by Greenland

(1965) involves polyvalent exchangeable cations and hydroxides of iron

and aluminum acting as bridges between clay and anions.

Chemisorption is the strongest bond found in the adsorption pro-

cess. The energy range is 30-190 kcal/mole. It has a higher energy of

activation than physical adsorption and is irreversible. In the chemi-

sorption bond electrons are permanently redistributed into new orbitals.

Studies suggest that in chemisorption an initial monolayer of adsorbate

is strongly adhered to the surface and subsequent layers can be formed

due to Van der Waals forces. Ogersby (1970) states that chemisorption

is a slow process, taking greater than twelve hours to manifest.

Swoboda and Kunze (1968) report that amines and pyridine are chemisorbed

on Mg and Ca saturated montmorillonites. Singhal and Kumar (1976) found
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chemisorption with Telone on kaolinite and montmorillonite. For kaolin-

ite the adsorption occurred on the edges, whereas on montmorillonite the

adsorption was on both planar and lateral sites. Chemisorption has a

much higher energy of activation than physical adsorption and at higher

temperatures a greater amount should adsorb relative to a physically

adsorbed species.

The line between physical and chemical adsorption is unclear due

to the complex and variable forms of adsorption that can occur. Gener-

ally, Van der Waals, hydrogen bonding, and ion exchange are considered

to be physical adsorption. Gregg and Sing (1982) further defined

physical adsorption as comprising specific and nonspecific. Specific

adsorption refers to adsorption due to particular charged sites of a

surface exerting forces on molecules. Non-specific adsorption includes

only dispersive and repulsive forces such as Van der Waals and is more

closely related to the surface area and interfacial free energy of the

adsorbant. Based on the solid and solute structures Gregg and Sing

predict whether specific or nonspecific adsorption will occur.

To relate the inherently complex subject of adsorption discussed

here on a molecular level to the macro level concepts of surface area

and mineralogy it may be conceptually helpful to adopt Gregg and Sings

definitions. Nonspecific adsorption would be considered a surface area

controlled system involving hydrogen bonding and Van der Waals forces.

Specific adsorption, defined as charged sites in the substrate control-

ling adsorption, relates to mineralogy of the solid material, as does

chemisorption. The binding force is attributed to specific charged

species and sites on the adsorbant-adsorbate system.



CHAPTER 3

COLUMN ADSORPTION EXPERIMENTS

A series of column experiments were performed to determine

whether adsorption occurred for a number of chemical compounds commonly

used as groundwater tracers. Each compound was injected into a stain-

less steel column packed with silica sand, allowed to elute, and the

time to elution, or retention time, was recorded. If the solute was

retained on the stationary phase, in this case silica sand, relative to

a nonretaining compound, adsorption was assumed to be the retaining

mechanism.

Experimental Procedure 

A stainless steel column 96 cm long, 1 inch diameter, and a

total volume of 122 cubic cm was packed with pretreated silica sand,

size fraction .09-.125 mm. The material was washed 10 times in dis-

tilled water, removing fines at each rinse. This process was repeated

with HPLC grade methanol and baked overnight in a 110°C oven to com-

pletely dry the packing material. The column was packed by adding

approximately 40 grams of sand at a time and agitating to ensure level

and uniform packing. The column was washed repeatedly with methanol and

subsequently HPLC grade H 2O. An Altex variable wavelength HPLC detector

and fluorometer were used to detect the eluting tracers. A constant

flow rate of 2.0 ml/min was maintained unless otherwise indicated. Two

7
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columns were used to test the adsorptive characteristics of the solutes.

Column #1 used HPLC grade H 20 with a pH of 6.0 for the mobile phase.

Due to the purity of the water, ion adsorption and interference should

be minimized. Column #2 employed filtered tap water with a pH of 7.0.

This was done to more closely approximate field conditions. The columns

were stored in methanol during periods of inactivity to inhibit micro-

bial formation. Each tracer column run passed three column volumes of

liquid before terminating the run. Toluene in 100% methanol was used

to obtain the elution time of a nonadsorbing compound. Due to it's high

solubility in the organic mobile phase, little adsorption should occur

onto the silica sand. The averaged retention time value for toluene,

designated Ro , was compared to the retention time of each solute, R s ,

and a ratio of Rs
 /R

o
 was obtained. A value of less than 1.0 indicates

the tracer was retained less than the toluene. A value of 1.0 indicates

no adsorption of the solute, and a value of greater than 1.0 indicates

adsorption.

Statistical Analysis to Determine 
Significant Adsorption 

The data for solutes with retention times greater than 1.0 were

statistically analyzed to determine if the ratio Rs /Ro was a result of

actual retention in the column or of indeterminate experimental error.

The mean retention value for toluene, Ro' 
and experimental value, Rs'

were tested for significance at the 95% confidence interval. The null

hypothesis of equality for the two averages signifies no appreciable

adsorption. The rejection of the hypothesis indicates retention of the
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solute in the column. Results are listed in Table 1. For details about

the statistical method see Appendix A.

Experimental Results 

Retention was found to occur for six compounds: ethylamine,

rhodamine B, H-pyridone, 2-hydroxynicotine, pyridine, and fluorescein

(Table 1). Only two of these compounds exhibited a delayed retention

value, H-pyridone and ethylamine. All other compounds either did not

elute at all over three column volumes or eluted with the mobile phase.

Elution with the mobile phase indicates no adsorption occurring. No

elution from the column indicates irreversible adsorption, although the

kinetics of the adsorptive process may be such that more pore volumes

would have removed the solute from the silica sand surface. The age of

the column material, designated as one column day for each day chemicals

were successfully run, seemed to appreciably affect the adsorptive prop-

erties of the material. For example, fluorescein adsorbed significantly

at a column age of three days, but did not adsorb at all at a column age

of 15 days. This may be due to the adsorptive sites on the silica sand

surface being bound up with material that was previously injected into

the column. An alternative explanation is that channeling of the sand

over prolonged periods of flow occurs, effectively reducing the solute

to surface exposure and decreasing the opportunity for adsorption.

Channeling would result in a decrease in effective porosity resulting

in an accelerated elution time. The effective porosity for the column

at a column age of 1 day was calculated to be .50. This value is based

on a pore volume of 40.71 cm
3 and sand volume of 81.29 cm

3 . For a
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Table 1. Tracer Retention in Column.

Compounds
R/R
s o

Retention over 3
Column Volumes

Methyl pyridone 	 1.02

Rhodamine B	 x

Fluorescein	 .94	 x

Ethylamine	 2.57	 x

Pentafluorobenzoic Acid	 1.0

H-Pyridone	 1.07	 x

2-Hydroxynicotine	 x

Phenylpyridine	 .99

PABA	 .96

Phenol	 .96

KHP	 .99

Br	 .98

Pyridine	 x
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column age of 12 days the effective porosity, based on a pore volume of

39.8 cm 3 , is .49. Channeling does not appear to be a significant fac-

tor in the decreasing adsorptive capacity of the column with age.

The use of HPLC grade H 20 versus filtered tap water did not

affect the retention values for many compounds. Pentafluorobenzoic acid

eluted at approximately the same times in both cases. In other cases,

the effect is unclear due to the column age affecting the results.



CHAPTER 4

ADSORPTION BATCH EXPERIMENTS

To determine the influence of mineralogy and surface area on the

adsorption of solutes from solution, batch experiments were performed

for three differing mineralogies--weathered granite, unweathered gran-

ite, and silica sand. The three rock types were fractionated into three

size fractions and the surface areas for the fractions were measured.

Adsorption batch tests were then performed on all three size fractions.

Four selected compounds were tested as adsorbants: fluorescein, rhoda-

mine B, methylpyridone and thiocyante. In order to identify the types

of adsorption occurring, the mineralogical characteristics of the sub-

strates were determined using thin section analysis and x-ray diffrac-

tion. Surface charge measurements were also performed using a zeta

meter to chaTacterize the electrical properties of the substrates. In

addition, the chemical properties of the four selected compounds were

determined and conclusions drawn as to the nature of the adsorptive pro-

cess. The experiments will be presented in the following order:

1. Adsorption batch tests, experimental procedure and results.

2. Surface area measurements, method and results.

3. Mineralogy of substrates.

4. Surface charge measurements, method and results.

5. Chemical properties of compounds.

6. Results and conclusions.

12



13

Granite Batch Tests 

Experimental Procedure

Samples of unweathered granite and weathered granite were ob-

tained from the Oracle Research Site approximately 20 miles northwest of

Tucson, Arizona. The silica sand, purchased from the Crystal Silica

Sand Co., and the granites, were fractionated through mechanical sieving

into three size fractions, 0.6-1.0 mm, 1.0-2.0 mm, and 2.0-3.96 mm. The

granites were precrushed to facilitate sieving. Each fraction was

rinsed in distilled water 10 times, pouring off fines at each rinse,

then rinsed in methanol and dried.

Preliminary batch experiments were performed to indicate adsorp-

tion for nine different chemicals used as groundwater tracers. One

hundred ml of solution was added to 50 grams of weathered granite size

fraction 0.6-1.0 mm. The solution was agitated immediately before sam-

pling. One ml aliquots per day over a four day period were removed and

analyzed with Hi-gh Performance Liquid Chromatography- (HPLC). The re-

sults are tabulated in Table 2.

Four tracers, rhodamine B, fluorescein, thiocyanate, and methyl-

pyridone, were chosen to test on the three different mineralogies.

Rhoadmine B and fluorescein are adsorbing compounds, thiocyanate and

methylpyridone are relatively nonadsorbing. Following the same proce-

dure as above, each compound was tested on a total of nine different

substrates, three size fractions per mineralogy type for three mineralo-

gies. Batch experiments extending over a 48 hour period were performed,

removing 1 ml aliquots at 10 minutes, 1 hour, 24 hours, and 48 hours.



100 ml
Solution

Day 1	 Day 2	 Day 3	 Day 4	 (ppm)Compound

% Adsorbed
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Table 2. Tracer Adsorption on Weathered Granite.

KHP	 5	 14	 3	 4	 100

Br	 0.0	 0.0	 0.0	 0.0	 10

Pentafluorobenzoic Acid	 2	 1	 2	 204

Fluorescein	 49	 63	 60	 1

m-Trifluoromethyl-	 0.0	 0.0	 0.0	 0.0	 100
benzoic Acid

Heptafluorobutyric Acid	 0.0	 0.0	 0.0	 1	 300

Rhodamine WT	 2	 12	 0.0	 0.0

H-Pyridone	 6	 2	 3	 4	 1

Thiocyanate*	 0.0	 12	 8	 96

Rhodamine B*	 99	 98	 98	 56

Methylpyridone	 0.0	 2	 0.0	 66 ppb

*Thiocyanate and Rhodamine B were analyzed with 200 g of substrate to
400 ml solution. A ratio of 2:1 solute to substrate was maintained for

all adsorption tests.
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These times were chosen based on previous experiments which indicated

equilibrium values were attained by the 48th hour. The supernatant was

analyzed using HPLC. The amount of solutes adsorbed onto the substrates

was calculated by subtracting the amount in solution from the original

concentration. The amount of material adsorbed was then divided by the

surface area to determine adsorption in moles per square meter. Table 3

shows the results of the adsorption tests.

Surface Area Measurements 

The surface area of the material was determined using nitrogen

gas adsorption. Nitrogen gas will physically adsorb onto the exposed

surface of a substrate. This adsorption is entirely reversible, as

opposed to chemical adsorption which is energetically stronger and more

difficult to reverse. The surface area determination is accomplished by

admitting the adsorbing gas in incremental steps into a chamber contain-

ing a known weight of adsorbant. The adsorbant has been dried, weighed,

and put under a vacuum. An adsorption isotherm of volume of gas ad-

sorbed versus relative pressure, P/Psat, is obtained. Applying the

B.E.T. equation (Brunauer, Emmett and Teller, 1938) will yield the vol-

ume of molecules adsorbed:

VmCP 
Va = (Ps-P)(1+(C-1)P/Ps)

where Va = volume of gas adsorbed at pressure P

Vm = volume adsorbed when entire adsorbing surface is covered by

a monomolecular layer

C = constant

Ps = sat pressure
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Table 3. Adsorption of Solutes on Granites and Silica Sand.

Amount

	

Adsorbed	 Rhodamine B Thiocyanate Methylpyridone 	 Fluorescein
moles/cm2

	

x 10-15	
(.5625 ppm)	 (96 ppm)	 (67 ppb)	 (1 ppm)

SILICA SAND:

Small
Fraction	 316 0.0 0.0 0.0
.6-1.0 mm

Medium
Fraction	 198 0.0 0.0 0.0
1.0-2.0 mm

Large
Fraction	 156 0.0 9.2 0.0
2.0-3.96 mm

WEATHERED GRANITE:

Small
Fraction	 1300 0.0 0.0 153

.6-1.0 mm

Medium
Fraction	 70 0.0 0.0 0.0

1.0-2.0 mm

Large
Fraction	 3050 0.0 -0.0 150

2.0-3.96 mm

UNWEATHERED GRANITE:

Small
Fraction	 380 0.0 7.14 0.0

.6-1.0 mm

Medium
Fraction	 370 0.0 0.0 0.0

1.0-2.0 mm

Large
Fraction	 316 0.0 7.1 0.0

2.0-3.96 mm
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The equation is derived by equating the rate of condensation of

gas molecules onto an adsorbed layer to the rate of evaporation from the

layer and summing over an infinite number of layers (Raghavan, 1984).

Rearranging the equation to a linear form yields:

P 	 _  1  „ (c-1)	 P
Va(Ps-P)	 VmC	 VmC 'Ps

P
Plotting va(ps-p) versus -r5- will, over a series of measurements,

give Vm, volume of gas adsorbed. The specific surface area is then cal-

culated using Avogrado's number and the molar gas volume. The B.E.T.

equation is based on a kinetic model put forward by Langmuir. The

Langmuir equation assumes monolayer formation and equal rates of conden-

sation and evaporation from the surface. The B.E.T. equation considers

multilayer formation and makes three simplifying assumptions:

1. in all layers except the first the heat of adsorption is equal

to the molar heat of condensation

2. in all layers except the first the evaporation-condensa tlon

conditions are identical

3. when P = Ps the number of layers becomes infinite

Surface area measurements were performed on a total of 11 sam-

ples. The information is listed in Table 4.

Mineralogy 

The mineralogy of the weathered granite and unweathered granite

was determined using thin section analysis and x-ray diffraction tech-

niques. The granites are largely composed of orthoclase and
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Table 4. Surface Area Measurements

Small
	

Medium
	

Large
Fraction
	

Fraction
	

Fraction
Mineralogy	 .6-1.0 mm
	

1.0-2.0 mm
	

2.0-3.96 mm
m2/gram
	 m2/gram	 m2/gram

Silica Sand .708 .851 .727

Weathered Granite 1.985 2.98 1.94

Unweathered Granite .648 .648 .771

Silica Sand (<.425 mm) .89

Kaolinite (<40 pm) 28.1
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plagioclase, ratio amounts are indicated in Table 5. Minor amounts of

biotite, some partially chloritized in the weathered granite, and trace

amounts of opaques, possibly sulfides and magnetite are found in both

samples. The weathered granite sample was tested for clay content using

x-ray diffraction. Surprisingly, no clay was detected with a minimum

detectability limit of 5% of the total sample. Quartz and orthoclase

were detected as indicated on the x-ray diffraction scan (see Figure 1).

There appears to be little variation between the two granites tested,

although their appearance suggests different compositions. The weath-

ered granite had a reddish brown color and crumbling texture compared to

the unweathered granite.

The composition of the silica sand, purchased from the Crystal

Silica Sand Co, is 87.65% SiO2' 
6.25% Al

2
0
3' 

.3% Fe203' with the remain-

ing constituents listed in Table 6.

The kaolinite, purchased from the Feldspar Corp., is 97% pure

Al 2 0 3
.2SiO 2

.2H
2
0	 Surface area measurements and cation exchange capac-

ity, as well as trace constituents are given in Table 6.

Surface Charge Measurements 

The surface charge of a substrate will influence the adsorption

of ionized species in solution. The charge of the material can gener-

ally be characterized by determining the isoelectric point of the con-

stituents that make up the solid material. Quantitatively, the zeta

potential can be measured through electrophoresis. The surface charge

can then be calculated directly from the zeta potential. The surface

charge of the materials tested will be characterized first by the
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Table 5. Granite Mineralogical Composition.

Small Fraction	 Large Fraction

WEATHERED GRANITE:

Major	 orthoclase:plagioclase	 orthoclase:plagioclase
1:1	 3:1

Moderate	 biotite
opaques (sulfides, magnetite)

Minor	 chlorite
chloritized biotite

Trace	 quartz	 opaques (sulfides and
magnetite)
quartz

UNWEATHERED GRANITE:

Major

Moderate

orthoclase:plagioclase 	 orthoclase:plagioclase
2:1	 1:1

Minor	 mica (chlorite and partially	 biotite
chloritized biotite)

Trace	 calcite	 opaques (sulfides end
quartz	 magnetite)

quartz
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Figure 1. X-ray diffraction scan of weathered granite.
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Table 6. Kaolinite and Silica Sand Mineralogical Composition.

Kaolinite

Chemical composition:

Properties:

Si 0 2

Al
2
0
3

Fe
2
0
3

Ti 0 2

P
2
0
5

Ca0

46.5%

37.62%

0.51%

0.36%

0.19%

0.25%

MgO	 0.16%

Na
2
0	 0.02%

K2
0	 0.4%

F
2	

0.08%

SO
3	

0.21%

Cation Exchange Capacity - 5.2 Meq/100 gm

Surface Area - 28.1 m
2
/gm

Specific Gravity - 2.50 g/cc

X Ray Diffraction - Al 203 2Si0 2 2H20 - 97%

Silica Sand

Chemical Composition:	 SiO 2	
87.65%	 CaO	 0.40%

Fe2
03	

0.3%	 MgO	 Trace

TiO2	
0.02%	 Na

2
0	 0.80%

A1-
20-3	

6.25%	 -K2
0 

Properties:	 Specific Gravity - 2.65 g/cc

Surface Area .425 mm - .89 m
2/gm
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probable isoelectric points based on the mineralogical composition. The

zeta potential will then be determined and a quantitative analysis of

the adsorptive capacity based on surface charge will be investigated.

Surface Charge and Mineralogy

The zero point of charge is the pH at which the net charge on a

surface, adsorbed on by various constituents in the solution, is zero.

The isoelectric point is the pH at which the net charge on a surface due

to the adsorption and desorption of protons only is zero. At a pH

greater than the isoelectric point the net charge on the surface is

negative. At a pH of less than the isoelectric point the surface will

have a net positive charge. Dreyer (1982) lists the isoelectric points

for a number of substances. Si0 2 is 2.0, Al 203 is 9.0, Fe 203 is 5-7,

and kaolinite is 3.5, to name a few. Parks (1967) showed that the iso-

electric points for aluminosilicates, such as the orthoclase and plagio-

clase, can be predicted on the basis of the number of SiOH and AlOH

groups making up the surface. According to Parks, when the aluminum is

octahedrally coordinated, AlOH groups have an isoelectric point or IEP

of 9.2. When the aluminum is tetrahedrally coordinated the IEP is 6.8.

SiOH groups will have a low IEP. Conversely, an aluminosilicate with

mostly AlOH groups will have a higher IEP.

The surface charges of the adsorbants used in the slurry experi-

ments can be characterized by examining the mineralogical compositions

of the individual substances. For the silica sand, which is 87% Si0 2 ,

the net charge on the surface at a pH of 7.0 (the average pH of the

batch solution) should be negative. This is due to the isoelectric
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points of 2.0 for SiO 2 
and 1.8 for SiOH. The granites are largely com-

posed of orthoclase and plagioclase. Parks (1967) measured a zero point

of charge for plagioclase and orthoclase at 2.0. The assumptions made

for the zero point of charge measurement, or ZPC, by Parks, stated that

no ions other than hydrogen and hydroxyls play a potential determining

role. The ZPC can therefore be considered roughly equal to the IEP in

this case. Using Parks values, and considering the major composition

of the granites is feldspars, the IEP value for the granites could range

from 2.0 to 9.2, but probably lean towards the lower value. Negatively

charged oxygens at the surface will, as in the case of silica sand, pro-

vide sites for cation exchange and hydrogen bonding. Use of the IEP as

a predictor of surface charge assumes the only actively adsorbing ions

in solution are hydrogens and hydroxyls. This assumption may introduce

substantial error into the analysis, though use of deionized H 20 in the

slurry experiments may help minimize the error.

Another method of assessing the charge characteristics of a

substrate is by direct measurement of the zeta potential, as shown in

the following section.

Zeta Potential

Surface charge of a solid is determined by measuring the zeta

potential. The zeta potential is a measure of the electrokinetic poten-

tial of a given (Raghavan, 1984) particle in solution. The purpose of

measuring the parameter in adsorption studies is to give a quantitative

assessment of the surface charge of the adsorbate. The surface charge

may directly affect the amount that is sorbed on the substrate.
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When a charged particle is introduced into a solution of a given

ionic strength an electrical field is created establishing a potential

between the particle and the ions in solution. The potential at the

surface of the particle is determined by the ion concentration in solu-

tion (Van Olphen, 1977). This potential can be used to calculate the

surface charge. Initially, a fairly immobile layer of counter ions, or

ions of opposite charge to the surface, is formed around the particle.

This is commonly referred to as the Stern Layer. A diffuse layer of

co-ions, or ions of the same charge as the surface, are repelledfrom the

surface and extend away from the Stern Layer. Due to the immobility of

the Stern Layer, when the charged particle is placed in an electric

field the particle along with the ions in the Stern Layer move in one

direction while the ions in the mobile part of the double layer tend to

move in the other direction. This causes shearing of the double layer

at a plane called the shear plane (see Figure 2). The plane is assumed

to be a few angstroms out from the Stern Layer. The zeta potential is

the potential at this shear plane, designated 0. For small values of

surface potential, Ipo < 50 mV, the zeta potential, 0, is assumed to be

equal to the Stern Plane potential, OS.

The zeta potential of the four substrates used in the adsorption

studies was measured with a Zeta Meter Inc. meter. The sample is placed

in an electrophoretic cell and observed under a microscope. A DC volt-

age is applied and the velocity of the sample particles suspended in

solution is measured relative to a fixed position. The zeta potential
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Figure 2. Schematic representation of the structure of the electric
double layer according to Stern's theory. (Shaw, 1979).
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is obtained by employing the Smoluchowski equation where the electro-

phoretic mobility, U E , is multiplied by a constant.

= 12.85 x U E (mV)

where U E is expressed in microns sec
-1 

per volt cm
-1

.

The zeta potential is used to calculate the surface charge.

The zeta potential is given in units of millivolts. In order to express

the potential in surface charge units of coloumbs/cm 2 , the modified

Guoy-Chapman equation is used (Raghavan, 1984).

ZFII) ,5
6 sf = (8N E r EokT) 1/2 sinh 2RT

where N = number of ions in solution

Er = dielectric constant

Eo = permittivity of free 
space

k = universal gas constant

T = degrees Kelvin

Z = valence

F = Faraday constant

4, 6 = surface potential where 1p p = ;b 6

6 = surface charge

Table 7 lists the zeta potential measurement and surface charges for all

four substrates.

Kaolinite had a measured surface charge value of -1.89 x 10 -6

coloumbs/cm
2 . This compares to a value of -10 x 10

-6 coloumbs/cm 2

reported by Van Olphen (1977). Silica sand had the greatest negative

charge, -4.05 x 10
-6 coloumbs/cm

2
. Weathered granite was not found to
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Table 7. Surface Charge Measurements of Adsorbants.

Zeta Potential	 Surface Charge
(mV)	 (coulombs/cm4)

Weathered Granite 0.0 0.0

Unweathered Granite 25 -1.79 x 10
-6

Silica Sand 50 -4.05 x 10
-6

Kaolinite 26 -1.89 x 10
-6
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be charged at a pH range of 6.0 to 8.0. This indicates the weathered

granite was at its zero point of charge, probably due to adsorbed spe-

cies on the granite surface.

Chemical Properties of Compounds 

The chemical properties of the four compounds tested in the

slurry experiments will govern their ability to adsorb on a given sub-

stituent. An important property controlling adsorption is the ionic

character of the compound in solution. The size, structure, and rota-

tional capacity will also affect the adsorptive abilities of the com-

pounds. Table 8 lists the chemical properties of fluorescein, rhodamine

B, methylpyridone and thiocyanate, along with the structure and probable

ionic character in a pH of 7.0, the predominant pH of the slurry experi-

ments. Each compound and its associated properties will be discussed

individually.

Thiocyanate

Thiocyanate is the anion of a strong acid with a pKa of 1.84

(Sillen, 1971). At a pH of 7.0 the H + will be dissociated and the base

S=C=N - will be the predominant form in solution.

Methyl pyridone

Methylpyridone or 1-methyl-2-oxo-3-phenyl pyridine is a fluo-

rescing aromatic compound with a molecular weight of 140. The compound

is undissociated over normal pH values and will not have a dissociation

constant. The methyl group and carbonyls are electrically satisfied and

would not be expected to protonate or dissociate at a pH of 7.0. At



Fluorescein	 334.23 4.57	 Negative to
neutral

OH

Rhodamine B
(C 2H5 )

442.23
N(C 2H 5 ) 2 3.2

Positive

30

Table 8. Chemical Characteristics of Compounds.

Ionic State
Compound
	

MW	 Structure
	

pK	 at pH 7.0

Thiocyanate	 59.1	 S=C=N-
	

1.84	 Negative

Methylpyridone	 140 Neutral

1
CH

3
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lower pH's the nitrogen may become protonated. The electronegative

oxygens may be capable of hydrogen bonding with oxides at the adsorbant

surface. Van der Waals forces may also be a contributory adsorption

mechanism for methylpyridone due to its size and structure.

Fluorescein

Fluorescein is a fairly large fluorescing organic compound with

a molecular weight of 334.23. The pKa of fluorescein, determined by

titration with HC1 and NaOH was calculated to be 4.57. The molecular

structure is shown in Table 8. The pKa probably refers to the carbox-

ylic group on the lower benzene ring. The phenol group on the upper

ring will, according to Morrison and Boyd (1973), have an approximate

pKa of 9.0. This value applies to phenols in general. Due to the in-

fluence of the adjacent benzene rings, or carbons, the acidity of the

phenol will decrease. This is because -CH3 groups are electron releas-

ing substituents, having the effect of stabilizing the phenol and

decreasing the propensity to dissociate. At a pH of 7.0 the carboxylic

group will be predominantly dissociated and carry a negative charge.

The phenol may be partly dissociated. The remaining carbonyl group is

stable and will not contribute to the overall charge of the molecule.

Rhodamine B

Fluorescein and rhodamine B are very similar in structure and

both are fluorescing compounds (Table 8). The difference between rhoda-

mine B and fluorescein is the nitrogen groups on the outer benzene

rings. Two ethyl groups attached to the nitrogens alter the molecular

configuration of the molecule as well as the ionic state. Rhodamine B
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is a larger molecule than fluorescein with a molecular weight of 442.23.

The reported pKa for rhodamine B is 3.2 (Perrin, 1965). Attempts to

duplicate this value in the laboratory proved unsuccessful as the rhoda-

mine B was found to adhere to the glass electrode making pH measurements

unreliable. The pKa most likely refers to the carboxylic group of the

lower benzene ring. The nitrogens are expected to be protonated at a

pH of 7.0. A tertiary amine is reported by Morrison and Boyd (1973) to

have a pKb of 9.3. When carbons are added onto the structure in the

form of the attached ethyl groups and benzene carbons of rhodamine B,

the electron releasing properties of the carbons tend to stabilize the

nitrogens and increase their basicity. As a result, the pKb of the

rhodamine B structure should be greater than the pKb predicted for ani-

line. At a pH of 7.0 the nitrogens should be protonated and rhodamine

B will have a positive charge. The cationic nature of rhodamine B is

documented by Smart and Laidlaw (1977) as well as indicated by its great

capacity to adsorb on a variety of materials.

Experimental Results 

Thiocyanate did not adsorb on any of the materials tested. This

is expected from its anionic character and rigid chemical structure,

S=C=N - . There is little structural capacity for forming hydrogen bonds,

the small size decreases the likelihood of Van der Waals forces, and the

formation of stronger chemical bonds is unlikely.

The unweathered granite adsorbed approximately 13% of the total

amount of pyridone exposed to it and silica sand adsorbed 7% of the

Ryridone for the large size fraction. The amount of Ryridone adsorbed
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per unit area is 21.4 x 10
-15 moles/cm2 for the unweathered granite and

9.2 x 10
-15 moles/cm2 for the silica sand. The structure of methylpyri-

done suggests possible hydrogen bonding of the carbonyl oxygens with

hydrogenated sites on the adsorbates. The larger size of the compound

contributes to Van der Waals induced dipole interactions playing an ad-

sorbing role as well. Gregg and Sing (1982) predict both specific and

nonspecific adsorption occurring with the chemical structures of methyl-

pyridone and the granites. The pi bonds of the aromatic ring in the

methylpyridone interact with the hydroxylated oxides of the granites and

silica sand. The granite surface, having a higher isoelectric point,

would contain more hydroxyl groups on the surface than silica sand and

may explain the greater adsorption of methylpyridone on the unweathered

granite. The lack of adsorption of weathered granite is more difficult

to explain.

Fluorescein was found to adsorb onto weathered granite to an

appreciable extent, 153 x 10
-15 moles/cm2

, or about 50% of the original

solution. There was no adsorption of fluorescein on the unweathered

granite and silica sand. According to the mineralogical analyses weath-

ered granite did not differ much from unweathered granite in bulk compo-

sition of minerals. However, the reddish brown appearance of the

weathered material showed the presence of iron oxides that were not

measured by the techniques available for characterizing the mineralogi-

cal compositions. The absence of a surface charge value for the weath-

ered granite indicates the material is at its zero point of charge,

probably due to adsorbed iron oxides on the surface. Bhobe (1975) found

fluorescein to form complexes with iron oxides. This may have occurred
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in the weathered granite and explain the preferential adsorption of

fluorescein with that mineralogy. The neutral to anionic character of

fluorescein would impede simple exchange processes occurring and dis-

courage hydrogen bonding, depending on the relative strength of the

forces involved. It is not possible to predict adsorption based on

charge considerations alone. Fluorescein is subject to photodecay which

is accelerated under highly oxygenated conditions. Studies suggest sub-

stantial photodecay occurring in full sunlight within a time frame of

hours. Though attempts were made to control the degradation of fluores-

cein during the laboratory analysis, this may have introduced error into

the results and explain the variation in adsorption of fluorescein on

weathered granite (see Table 3).

Rhodamine B adsorbed onto all three substrates tested. The

greatest amount of adsorption occurred on weathered granite, 3053 x

10
-15 

moles/cm 2
, or 94% of the total available for adsorption. Unweath-

ered granite adsorbed 380 x 10-15 moles/cm2 (see Table 3), or 88%.

Cation exchange is a major form of adsorption possibly due to the posi-

tively charged nitrogens on the rhodamine B molecule. Hydrogen bonding

and Van der Waals forces would also contribute. All three substrates

are capable of accommodating the adsorption mechanisms discussed.

Weathered granite adsorbed an order of magnitude more than the other

compounds. This may be due to additional chemisorption of the rhodamine

B onto weathered products in the granite. This possibility will be dis-

cussed at length in the chemisorption section.

The amount of surface area available for a compound to adsorb

onto will control a part of the overall adsorption. The monolayer
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capacity, r, estimates the amount of material it takes to form a mono-

layer for a given compound. This value is calculated from the cross

sectional area of the molecule and Avogadro's number. The result is a

surface concentration with the units of moles/area (Raghavan, 1984).

r (moles/cm ) -
1

area of molecule x Avogadro's number

The monolayer capacity, r, for the adsorptive compounds, rhoda-

mine B and fluorescein, were both calculated based on a cross-sectional

area of 75.5 )°!+2 and 48.8 cA)2 , respectively. They are 2.20 x 10 -10 moles/

cm
2 
for rhodamine B and 3.47 x 10

-10
 moles/cm

2 
for fluorescein. In both

cases the monolayer capacity was not exceeded, assuring surface area was

not a limiting factor in the batch experiments.

The surface charge of an adsorbant can be used as an indicator

of adsorptive capacity for a given substrate. Using the measured sur-

face charge value for the substrates, an attempt was made to correlate

the amount of material adsorbed to the surface charge of the substrate.

A proton or electron has a charge of 1.602 x 10
-19 

coloumbs/unit.

Assuming a charged value for the adsorbate based on this value, and

dividing into the surface charge value for the adsorbant, an adsorptive

capacity for the adsorbant was calculated.

Rhodamine B had two protonated nitrogens contributing to a

charge of 3.21 x 10
-19 coloumbs/molecule. Dividing the silica sand

surface charge value of 4.05 x 10
-6 

coloumbs/cm2 and converting to

moles/cm 2 yields a maximum value of adsorption due to the surface charge

of the silica sand, 2.1 x 10
-11 moles/cm 2 .
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Table 9 lists the adsorption predicted by surface charge con-

siderations alone and the actual adsorption values for rhodamine B on

three substrates. Due to the neutral to negative charge of the three

other compounds this analysis was not directly applicable.

Actual adsorption was found to be lower than the adsorption

based on surface charge considerations alone. Weathered granite was not

charged but was found to adsorb the most for rhodamine B. This indi-

cates that other mechanisms are more important in the adsorption process

and surface charge alone is not a determining factor.

Mineralogy appears to have a greater effect on the adsorptive

capacity of the substrate than surface area or surface charge. The

amount of adsorption for the same compound varies consistently for each

mineralogy. If surface area were dominant this would not be the case.

If surface charge was the predominant adsorption mechanism weathered

granite would not be expected to adsorb substantially. The use of dif-

ferent size fractions for each mineralogy type did not appear to affect

the amount of adsorption, except in the case of weathered granite. This

is consistent with the small variation in surface area found for the

different size fractions. Problems with concentrating different miner-

als in the different size fractions, thereby rendering a comparison

between the size fractions invalid, is a consideration when interpreting

the results. Thin section analysis did not show a substantial differ-

ence in the mineralogical makeup of the small and large fractions and

any error introduced by size segregation is assumed to be minimal. The

effect of crushing the weathered granite prior to seiving may create

newly cleaved surfaces on the granite with different adsorption
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Table 9. Surface Charge Adsorption of Rhodamine B.

Predicted Surface	 Actual
Charge Adsorption	 Adsorption

(moles/cm?)	 (moles/cm2)

Silica Sand 2.1	 x 10-11 3.16 x 10
-13

Unweathered Granite 9.28 x 10
-12

3.8	 x 10
-13

Weathered Granite 0.0 3.05 x 10
-12
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characteristics. This may have an effect on the adsorption of the chem-

ical constituents tested.

In order to further investigate the question of mineralogy and

surface area in adsorption, batch experiments with kaolinite, a compound

with a high surface area and distinct chemical makeup, and silica sand,

were conducted using fluorescein and rhodamine B.



CHAPTER 5

CLAY BATCH EXPERIMENTS

Batch experiments were performed using kaolinite and silica sand

as the adsorbants. These substrates were chosen to compare adsorption

of two substances that differ mineralogically as well as structurally.

Kaolinite is a 1:1 layered nonexpanding clay consisting of an octahe-

drally coordinated layer of aluminum ions and a layer of tetrahedrally

coordinated silicon ions (Dreyer, 1982). The surface charge is -10 x

10
-6 

coloumbs/cm
2 (Van Olphen, 1977) and the cation exchange capacity is

5.2 meq/100 gm (Table 6). This compares with the measured surface

charge value of -1.89 x 10
-6 coloumbs/cm

2
. Silica sand, used to compare

with kaolinite for adsorptive characteristics, is predominantly composed

of SiO2' 
87%, in the form of quartz. The cation exchange capacity is

less than 2 meq/100 gm (Brady, 1972). The surface charge was measured

to be 4.05 x 10
-6 

coloumbs/cm
2

.

Experimental Procedure 

Adsorption tests were performed on five 10 gram samples of 97%

pure kaolinite. One hundred ml of fluorescein and rhodamine B were in-

troduced into the 10 gram samples. The sealed containers were agitated

daily and 1 ml aliquots removed at the 48 hour mark and analyzed using

HPLC. Five replications of 100 gram samples of silica sand and 100 ml

volumes of fluorescein and rhodamine B were also tested. A high ratio

39
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of substrate to solute was sought to ensure surface area was not a

limiting factor. Results are shown in Table 10.

Experimental Results and Discussion 

Kaolinite

Fluorescein and rhodamine B adsorbed within the same order of

magnitude on kaolinite, 4.93 x 10 -14 
moles/cm2 and 3.89 x 10 -14 moles/

cm
2
, respectively. The monolayer capacity was not reached for either

compound. The theoretical surface charge capacity for rhodamine B on

kaolinite is 1.0 x 10
-11 

moles/cm 2 . This adsorptive capacity was not

met. Morrill et al. (1982) state that anion and cation exchange in

kaolinite should be approximately equal, as the adsorption occurs at

the broken edges of the clay. Dean and Rubins (1947), in the same

study cited by Morrill, state that hydroxyl ions of kaolin minerals on

the lateral face exchange with phosphate ions in solution. Thus ex-

change sites are available for anions and cations on the lateral and

broken edges of clays.

The structure of kaolinite, with the interlaying alumina and

silica sheets bonded together by Van der Waals forces, may provide sites

for nonspecific adsorption of fluorescein and rhodamine B. Both com-

pounds have the ability to rotate about the lower benzene ring to con-

form spatially to the kaolin structure. This would result in similar

adsorption of both compounds.

Silica Sand

Fluorescein did not adsorb onto the silica sand. Rhodamine B

adsorbed 2 1/2 times more onto the silica sand than kaolinite, 9.94 x
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Table 10. Clay Batch Tests.

Original Concentration 	 Kaolinite Adsorption	 Silica Sand Adsorption
(moles/1)	 (moles/cm2)	 (moles/cm2)

Fluorescein

	

4.93 x 10-14 	0.0
3.0 x 10

-6

Rhodamine B

	

3.89 x 10-14	 9.94 x 10
-14

1.13 x 10
-6
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10
-14 moles/cm 2 . If surface area alone was the predominant adsorption

factor there would be little difference in adsorption of kaolinite and

silica sand per unit area. This was not the case. The difference in

adsorption appears to be in the adsorbant characteristics and not the

adsorbates. Silica sand has a less favorable surface configuration for

nonspecific adsorption than kaolinite and may favor specific adsorption

and chemisorption. Rhodamine B, with the positively charged nitrogens,

may orient the protonated end of the molecule towards the surface sites,

and extending the carboxylic tail outward from the surface. More mole-

cules could adsorb in this stacked head to tail fashion than would be

possible with kaolinite, resulting in a greater amount of adsorption

onto the silica sand. Alignment of the cross-sectional area of the

rhodamine B molecule with the kaolinite surface would be the most

favored position for Van der Waals interactions to occur (Morrill et

al., 1982).

Fluorescein was not found to adsorb onto silica sand. Negative-

ly charged fluorescein would not be capable of exchanging with the posi-

tively charged counterions adsorbed onto the substrate surface. The

structural incompatability of the adsorbate-adsorbant interface is not

conducive to Van der Waals induced nonspecific adsorption. Though other

types of adsorption, such as anion exchange and chemisorption could

occur, they do not appear to be a factor in this system.

Chemisorption is a possible explanation for the consistent

adsorption of rhodamine B, as well as the inconsistent adsorption of

fluorescein. Trace amounts of Fe 203' Al 203' etc. (see Table 6) are

found in kaolinite and silica sand and may form complexes with the
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rhodamine B and fluorescein (Bhobe, 1977). In order to investigate this

possibility, a series of temperature variant adsorption studies were

performed to determine if chemisorption is a factor in these experi-

ments.



CHAPTER 6

CHEMISORPTION EXPERIMENTS

Chemisorption is a process more clearly associated with the min-

eralogy of a substrate. Examples of a chemisorption system are surface

formation of metal oxides of oxygen on metals (Morrill et al., 1982) and

amines and pyridine chemisorbing on Mg and Ca saturated montmorillonites

(Swoboda and Kunze, 1968). The chemisorbing system is characterized by

a higher activation energy than a physical adsorption system (Raghavan,

1984) and as a result the chemisorbing species should show much higher

kinetics of adsorption at elevated temperatures with the total amount

adsorbed remaining the same as in physical adsorption. Based on a pro-

cedure developed by Raghavan (1984), adsorption isotherms at varying

temperatures were conducted in order to determine whether chemisorption

was occurring on fluorescein and rhodamine B with kaolinite and silica

sand.

Experimental Procedure 

Adsorption isotherms for fluorescein and rhodamine B were con-

ducted on kaolinite and silica sand at three temperatures, 21°C, 51°C,

and 71°C. One gram of substrate was exposed to 20 ml of solute, agi-

tated in a controlled temperature circulating bath, and 1 ml aliquots

removed at 15 minute intervals. This process was repeated for increas-

ing concentrations of solute. The 1 ml aliquots were analyzed by HPLC
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for the amount of solute adsorbed. Each measurement was performed for

all three temperatures.

Experimental Results 

If chemisorption is occurring, the amount adsorbed per unit area

should be greater at higher temperatures for a given adsorbate-adsorbant

system. Figures 3, 4, 5 and 6 show the solute concentration in moles/1

vs adsorption in moles/cm
2 
for the three temperatures tested. Quantita-

tively, Raghavan (1984) states that the energy of activation, E a , for a

chemisorption system should be higher than 10 kcal/mole. The E a for

each system is computed using the Gibbs-Helmholtz equation:

S 2	 Ea 1	 1
In — = - — — - —S 1	 R ( T 2	 T 1 )

where S2 = slope of adsorption isotherm for T2

S 1 = slope of adsorption isotherm for T 1

Ea = energy of activatlon-

R = gas constant

T = absolute temperature

Using the above equation the energy of activation was calculated

from the adsorption isotherms (see Table 11).

For all isotherms except fluorescein on silica sand, the energy

of activation, E a , was less than 10 kcal/mole, indicating physical ad-

sorption. Fluorescein on silica sand has the highest activation energy

of 11.7 kcal/mole. Statistical analysis was performed on the data to

determine if there was a significant variation in adsorption for a given
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Table 11. Energy of Activation of Compounds.

Silica Sand	 Kaolinite
Ea (kcal/mole)	 Ea (kcal/mole)

Rhodamine B
	

5.49	 .749

Fluorescein
	

11.7	 .954

concentration at the three temperatures. If chemisorption is occurring

there should be consistently more adsorption at higher temperatures.

The data was tested using the equal mean null hypothesis at the 95%

confidence interval. Error bars indicate two standard deviations for

each value. As can be seen in Figs. 3-6, adsorption did not increase

consistently with temperature for any of the systems tested, indicating

physical adsorption as the dominant adsorption process. The high E a

value of 11.7 kcal/mole (which indicates chemisorption defined as >10

kcal/mole) may be due to the type of physical adsorption in the system.

Silica sand has a consistently higher energy of activation for fluores-

cein and rhodamine B than kaolinite. The structure and charge of silica

sand may permit only hydrogen bonding at its surface, a process with a

bond strength of up to 15 kcal/mole. Kaolinite, with its planar layered

structure is conducive to low energy (1-2 kcal/mole) Van der Waals

interactions with fluorescein and rhodamine B, both large organic mole-

cules. The low energy Van der Waals interactions would result in a

lower energy of activation for kaolinite than for silica sand and may

explain the different E a values for the two substrates. The total
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amount of solute adsorbed for each system was the same, meeting the

criteria of the chemisorption/physisorption test. The monolayer capac-

ity was not met for any of the adsorption tests indicating a sufficient

amount of surface area was available for adsorption.



CHAPTER 7

SUMMARY AND CONCLUSIONS

The objective of this study was to investigate the effect that

mineralogy and surface area have on the adsorption of organic tracers.

The mechanisms of adsorption are divided into two broad categories,

physical adsorption, encompassing specific and nonspecific adsorption,

and chemisorption. The bond types associated with each kind of adsorp-

tion have been reviewed in detail in a previous chapter. For the pur-

poses of this study, nonspecific adsorption is considered a surface area

related process, and specific adsorption and chemisorption are mineral-

ogically related.

The column, batch, and chemisorption experiments that were con-

ducted yielded asorption data for numerous tracers on four different

kinds of substrates. Fluorescein, rhodamine B, thiocyanate and methyl-

pyridone were tested extensively for adsorption on weathered granite,

unweathered granite, silica sand and kaolinite. The conclusions drawn

from these studies are as follows:

1. Surface area was not found to be the dominant influence in

adsorption. The adsorption of four compounds on a mass per unit

area basis varied consistently with each mineralogy type. If sur-

face area was the dominant factor, the adsorption per unit area

would have remained the same regardless of changing mineralogy.
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2. Chemisorption did not occur for rhodamine B or fluorescein for the

systems tested. The amount of material adsorbed increases with

increasing temperature in a chemisorption system. Adsorption

tests performed at three temperatures, 21°C, 51°C and 71°C, for

kaolinite and silica sand did not result in increased amounts of

adsorption with temperature.

3. The chemical characteristics of the adsorbate, for example,

structure, molecular size, bonding sites, and ionic state, will

greatly affect the type and amount of adsorption. For example,

structural compatability and molecular size are proscribed the

dominant influence on adsorption of organic compounds on organic

matter (Ogersby, 1970). Bonding sites may have been a primary

factor in the greater adsorption of rhodamine B onto silica sand

than on kaolinite. The ionic state of thiocyanate, as well as

its structure and small molecular size prevent adsorption under

any of the conditions tested.

4. The charge of a given compound is not necessarily a reliable

indicator of its tendency to adsorb. Fluorescein, which is

anionic, adsorbed 97% onto kaolinite, a negatively charged sub-

strate. From charge considerations alone adsorption would not be

predicted.

In the systems studied, specific and nonspecific adsorption were

the main mechanisms of adsorption. Since physical adsorption is asso-

ciated with both surface area and mineralogy, the two effects are diffi-

cult to isolate. A charged site is charged due to the mineralogical

makeup of the substrate. The density and strength of the charge are
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associated with the surface area. Structural compatibility of the

adsorbate and adsorbant are related to both. Surface area may well

dominate in systems with large uncharged molecules and relatively un-

charged surfaces, as has been reported by Russell (1981) for unionized

adsorbates and organic matter. Mineralogy effects tend to control the

energy of adsorption and the strength of the adsorbate-adsorbant inter-

actions.

In a general sense, it is possible to predict adsorption mech-

anisms based on structure and chemistry of a given adsorbant-adsorbate

system. This approach can only provide a qualitative evaluation of the

factors governing adsorption. For a definitive assessment of adsorp-

tion, empirical analysis for each system under study is necessary.
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Table A.1.	 Column Adsorption Data.

Compound
Mobile
Phase

Retention
Time

Rs/Ro Column
Age

(min) (days)

Methylpyridone HPLC 21.9 1.03 5
30.38 .95 6
20.57 1.04 6
20.47 1.02 6
21.05 1.03 10
21.07 1.03 10
20.21 .99 13
20.04 .98 13

mean 1.02

Rhodamine B HPLC no peak 7
HPLC no peak 10
0-100%
Me0H no peak 8
Me0H no peak 8
TAP no peak 14

mean

TAP no peak 14

Fluorescein HPLC 19.08 .931 9
TAP 19-93 .95 9

.94TAP 19.23 9
TAP no peak 3
TAP no peak 12

mean .94

Ethylamine HPLC 52.5 2.57 3
HPLC 52.5 2.57 4

mean 2.57

TAP no peak 3
TAP no peak 11
TAP 19.5 .95 16
TAP 19.4 .95 16

mean .95
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Table A.1--Continued.

Mobile Retention R Column
Compound Phase Time s/R o Age

(min) (days)

Pentafluorobenzoic HPLC 19.8 .96 2
Acid HPLC 21.6 1.06 2

HPLC 22.0 1.08 2
HPLC 23.7 1.16 2
TAP 18.78 .99 2
TAP 18.93 1.0 3
TAP 18.86 1.0 3
TAP 18.6 .99 3
TAP 20.48 .99 10
TAP 20.06 .97 10
TAP 19.81 .96 10
TAP 20.05 .97 12
TAP 18.32 .96 14
TAP 18.26 .99 15
TAP 18.22 .99 16
TAP 18.42 .99 16

mean 1.0

H-Pyri done HPLC 21.76 1.06 12
HPLC 21.91 1.07 12

mean- 1_07 

2-Hydroxynicotine HPLC no peak 9

Phenylpyridine HPLC 20.26 .99 11
HPLC 20.18 .99 11
HPLC 20.21 .99 2

mean .99

PABA TAP 19.5 .95 16
TAP 19.5 .95 16
TAP 18.36 .99 13

mean .96
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Table A.1--Continued.

Mobile Retention R Column
Compound Phase Time s/R o Age

(min) (days)

Phenol TAP 19.4 .95 16
TAP 19.5 .95 16
TAP 18.3 .99 13
TAP 18.3 .99 13

mean .96

KHP TAP 18.26 .99 13
TAP 18.24 .99 13
TAP 18.29 .99 13
TAP 18.53 1.01 le

mean .99

Br TAP 18.44 .98 3

mean .98

Pyridine TAP no peak 16
TAP no peak 14

mean

TtiTuene Me0H 20.52- 1
Me0H 20.45 1
Me0H 20.45 1
Me0H 20.40 1

mean Ro for column #1
20.45

19.04 4
18.91 4
18.55 5
18.56 5
18.77 5
18.70 5
18.77 5
18.89 5
18.87 5
18.86 5

mean Ro for column #2
18.79



APPENDIX B

BATCH ADSORPTION TESTS

Note to Tables B.1 and B.3:

*400 gram sample divided by 4 to compare with 50 g batch tests, 2:1
ratio of solute to substrate maintained.
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Table B.1.	 Rhodamine B Batch Test.

Amount
Adsorbed

Substrate
Surface Area

(m2)

Amount Adsorbed
per Unit Area
(mole/cm2)

SILICA SAND:

Small 87.5 35.4 316 x 10 -15

Fraction
.6-1.0 mm

Medium 66.4 42.55 198 x 10-15

Fraction
1.0-2.0 mm

Large 44.9 36.35 156 x 10 -15

Fraction
2.0-3.96 mm

WEATHERED GRANITE

Small 98 *236 1300 x 10-15

Fraction
.6-1.0 mm

Medium 83 128.1 70 x 10-15

Fraction
1.0-2.0 mm

Large 94 *194 3050 x 10-15

Fraction
2.0-3.96 mm

UNWEATHERED GRANITE:

Small 99 32.4 380 x 10-15

Fraction
.6-1.0 mm

Medium 92 32.4 370 x 10 -15

Fraction
1.0-2.0 mm

Large 95 38.6 316 x 10-15

Fraction
2.0-3.96 mm
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Table 8 .2. Methylpyridone Batch Test.

Amount
Adsorbed

Substrate
Surface Area

(m2)

Amount Adsorbed
per Unit ,irea
(mole/cm4)

SILICA SAND:

Small 0.0 35.4 0.0
Fraction
.6-1.0 mm

Medium 0.0 42.55 0.0
Fraction
1.0-2.0 mm

Large 7.0 36.35 9.2 x 10
-15

Fraction
2.0-3.96 mm

WEATHERED GRANITE:

Small 0.0 99.25 0.0
Fraction
.6-1.0 mm

Medium 0.0 128.1 0.0
Fraction
1.0-2.0 mm

Large 0.0 71.55 0.0
Fraction
2.0-3.96 mm

UNWEATHERED GRANITE:

Small 6.0 32.4 7.14 x 10
-15

Fraction
.6-1.0 mm

Medium 13.0 32.4 21.4 x 10
-15

Fraction
1.0-2.0 mm

Large 7.9 38.6 7.14 x 10
-15

Fraction
2.0-3.96 mm
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Table B.3. Thiocyanate Batch Test

Amount	 Substrate	 Amount Adsorbed
Adsorbed	 Surface Area	 per Unit Area

(m2)	 (mole/cm2)

SILICA SAND:

Small 0.4 35.4 0.0
Fraction
.6-1.0 mm

Medium 0.0 42.5 0.0
Fraction
1.0-2.0 mm

Large 0.7 36.4 0.0
Fraction
2.0-3.96 mm

WEATHERED GRANITE:

Small 10.0 *236 0.0
Fraction
.6-1.0 mm

Medium 0.0 128.1 0.0
Fraction
1.0-2.0 mm

Large 0.0 *122.9 0.0
Fraction
2.0-3.96 mm

UNWEATHERED GRANITE:

Small 0.0 32.4 0.0
Fraction
.6-1.0 mm

Medium 0.0 32.4 0.0
Fraction
1.0-2.0 mm

Large 0.0 38.6 0.0
Fraction
2.0-3.96 mm
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Table B.4. Fluorescein Batch Test

Amount	 Substrate	 Amount Adsorbed
Adsorbed	 Surface Area	 per Unit Area

( m2)	 (mole/cm2)

SILICA SAND:

Small 0.0 35.4 0.0
Fraction
.6-1.0 mm

Medium 0.0 42.6 0.0
Fraction
1.0-2.0 mm

Large 0.0 36.4 0.0
Fraction
2.0-3.96 mm

WEATHERED GRANITE:

Small 49 99.3 153 x 10
-15

Fraction
.6-1.0 mm

Medium 0.0 128.1 0.0
Fraction

mm

Large 64 71.6 150 x 10
-15

Fraction
2.0-3.96 mm

UNWEATHERED GRANITE:

Small 0.0 32.4 0.0

Fraction
.6-1.0 mm

Medium 0.0 32.4 0.0

Fraction
1.0-2.0 mm

Large 0.0 38.6 0.0
Fraction
2.0-3.96 mm
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Table B.5. Clay and Silica Sand Batch Tests

Replicate	 Amount	 Amount Adsorbed
Bottle	 Adsorbed	 per Unit Area

(mole/cm 2 )

FLUORESCEIN 

Silica Sand:	 1	 0.0	 0.0
2	 0.0	 0.0
3	 0.0	 0.0
4	 0.0	 0.0
5	 0.0	 0.0

Kaolinite:

RHODAMINE B 

1
2	 91.4	 4.85 x 10

-14
-143	 93.4	 4.96 x 10-144	 92.0	 4.90 x 10-145	 94.0	 4.99 x 10

Silica Sand:	 1	 35	 8.88 x 10 -14

4	 40	 1.02 x 10-14

2	 38	 9.64 x 10-14
3	 41	 1.04 x 10-14

5	 42	 1.06 x 10 -14

-14
Kaolinite:	 1	 97.4	 3.9 x 10 -14

2	 97.4	 3.9- x 10_ 14
3	 96.8	 3.9 x 10 -14
4	 96.8	 3.9 x 10-14
5	 97.0	 3.9 x 10
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Table C.1. Chemisorption of Fluorescein on Kaolinite and Silica Sand.

Original
Concentration

Amount Adsorbed
at 21°C

(moles/cm2 )
x 10-13

Amount Adsorbed
at 51°C

(moles/cm2 )
X 10-13

Amount Adsorbed
at 71°C

(moles/cm2 )
x 10-13

FLUORESCEIN ON SILICA SAND:

3.0 x 10
-6 0.0 35.9 8.9

15 x 10
-6 83.0 11.2 0.0

68 x 10
-6 0.0 0.0 0.0

100 x 10
-6 629

FLUORESCEIN ON KAOLINITE:

584 315

3.0 x 10
-6 7.1 1.6 1.9

15 x 10
-6 5.6 5.9 3.2

68 x 10
-6 0.0 22.5

100 x 10
-6 26.0 27.3 26.2
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Table C.2. Chemisorption of Rhodamine B on Kaolinite and Silica Sand.

Original
Concentration

Amount Adsorbed
at 21°C

(moles/02 )
X 10-13

Amount Adsorbed
at 51°C,

(moles/09
X 10-13

Amount Adsorbed
at 71°C,

(moles/cm')
X 10-13

RHODAMINE B ON SILICA SAND:

1.13 x 10-6 19.8 8.1 11.7

2.3	 x 10-6 34.5 14.2 17.7

11.3	 x 10 -6 147.0 142 223

22.6	 x 10 -6 238 117 249

RHODAMINE B ON KAOLINITE:

1.13 x 10-6 0.8 0.73 7.3

2.3	 x 10-6 0.16 0.14 14.8

11.3	 x 10 -6 0.73 0.67 70.8

22.6	 x 10 -6 1.5 1.4 148
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The method of comparing two experimental means to determine if

they are similar or dissimilar was used to ascertain if significant

adsorption occurred for the column and batch experiments. The value for

ts
the standard compound designated, 71 , plus or minus Tr-

' 

where t is
1

chosen at the 95% confidence level for the requisite degrees of freedom.

The standard deviation s, calculated from pooled data, and N 1 , the num-

ber of replicate analyses, are subtracted from 72 , the mean for the
ts

experimental data, ± v-. If the experimental difference II - -5-(2 is
"2

smaller than the computed value,

11N,+N2
Y1 - 3T2 = ± ts	 N I N1 2

the null hypothesis of equality for the two means is confirmed, indi-

cating no adsorption occurred. If the experimental difference 71 - 72

> ±(N 1 +N 2 )/(N 1 N 2 ) then the experimental means are judged to be signifi-

cantly different and adsorption is indicated for the sample. The

following example shows the use of this method applied to testing

whether the mean retention time of column #1 and column #2 for toluene

in methanol, designated Ro , are significantly different from one

another.

Column #1. Toluene in Me0H Retention Time

20.52
20.05
20.45
20.40

5(1 = 20.481.42
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Column #2. 	Toluene in Me0H Retention Time

19.04
18.91
18.55
18.56
18.77
18.70
18.77
18.89
18.87
18.86

187.92 -5--( = 18 79

Pooled Standard Devication Calculations:

Column #1 
	

Column #2 

(x-7) 2
	

(X-Y) 2

.014	 .0625

.123	 .014

.0025	 .058

.0 	.053
.0004

.139 .008
.0004
.01
.0064
.005

.2178

Total Sum of Squares -	
.139 + .2178 

Pooled S - VTotal # of Data - Number of Subsets	 V	 14 - 2

= .172

Substituting into:     
N 1 +N 2 Y1 

- Y2 
= td (NiN2)    

4 + 11 
20.4 - 18.79 = 2.23 (.172 ) 4 x 11

for t = 95% confidence and 12 degrees of freedom

1.61	 > .224
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Therefore the null hypothesis of equality of the two means is

not supported and there is a significant statistical difference between

the Ro values at the 95% confidence level. When sufficient data was

not available to calculate a pooled value for the calculation of the

standard deviation, an S value of 10% was assumed (Stetzenbach, 1984).

When S is known, the above equation simplifies to 7.1 -	 = z S (Skoog

and West, 1976).
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