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ABSTRACT 

Four batch and four column experiments were conducted

to investigate the sorption of salicylic acid onto aluminum

oxide. Nine column experiments were performed using fulvic

acid as a sorbate, and aluminum oxide and a desert soil with

a low fraction organic carbon (f") ( 0.009 percent) as sor-

bents. Batch experiments provided estimates of partition

coefficient that were eight to ten times larger than column

estimates. A two-site kinetic model was used to interpret

the observed tailing of breakthrough curves. K p estimates

for fulvic acid on desert soil ranged from 3 to 23 cA /g.

The time scale of the desorption reaction is 12 days. The

majority of the sorption sites appear to be kinetically

controlled. Results suggest that recharge of untreated

Central Arizona Project water through desert washes will

remove only 10-15 percent of the fulvic acid present after

two void volumes have infiltrated. This may eventually con-

taminate existing groundwater supplies with trihalomethane

precursors.
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CHAPTER I 

INTRODUCTION 

During percolation of surface water, through soil and

aquifer material, some dissolved natural organic matter

(NOM) will be adsorbed and retained on the soil, some may be

biodegraded, and other will pass through to the aquifer.

The sorption behavior of fulvic acid was investigated be-

cause it is a common constituent of NOM in many western U.S.

rivers, including the Colorado river. The completion of the

Central Arizona Project is forcing many Arizona water agen-

cies to adopt strategies for storing their water allotments.

One option under consideration is using the water to re-

charge local aquifers. Natural organic matter not removed

during percolation of the recharge water through the soils,

they will remain in the underlying groundwater. Biodegrada-

tion should be insignificant for the refractory materials

that make up most of the dissolved NOM. This lack of removal

is important because chlorine disinfection of water contain-

ing NOM results in the formation of trihalomethanes (THM's),

which include carcinogenics and are regulated under the US

EPA primary drinking water standards. The current standard

is 100 Ag/L total THM's which may eventually be reduced to

20-50 pg/L (40 CFR Ch 1, 1987). Alternative treatment meth-

ods such as ozonation may limit the formation of these

compounds, but can increase the cost of water treatment and

provide less effective protection in the distribution sys-
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tem. The interaction between the recharged water and the in

situ soils will have a great impact on the eventual water

quality when it reaches local drinking water aquifers.

Humic substances are large polymeric molecules of

molecular weight 500-50,000 that come from decaying plant

material and whose chemical properties and molecular struc-

ture are poorly defined. They are operationally divided into

humic and fulvic acids. Humic acids are insoluble at pH 1,

while fulvic acids remain soluble at pH 1. Fulvic acids have

lower molecular weights than humic acids, and a greater pro-

portion of carboxylic functional groups. The important

functional groups on humic and fulvic acids include car-

boxyl, phenol, alcohol, carbonyl, and methoxyl, in decreas-

ing abundance (Thurman, 1985). A proposed structure for a

fulvic acid molecule consists of several separate aromatic

ring structures held together by hydrogen bonding.

Aquatic NOM is strongly adsorbed by aluminum oxide, due

in part to negatively charged carboxylic groups binding to

positively charged metal oxides. Cation bridges between NOM

and negatively charged surfaces also contribute (Kummert and

Stumm, 1980). Davis (1980) noted that pH, quantity of avail-

able surface sites for adsorption and the specific type of

dissolved organic carbon (DOC) present are the most impor-

tant factors in determining the extent of adsorption.

pH determines the charge on the metal-oxide surfaces, as

well as the extent of ionization of the NOM functional
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groups. High pH has been shown to reduce adsorption because

negatively charged metal-oxide sites develop, which repel

the negatively charged carboxylic and phenolic groups of

NOM. Davis, (1982) noted that aquatic NOM showed maximum

sorption onto '-aluminum oxide at pH 5.0. Davis and Gloor,

(1981) found that dissolved organic compounds with molecular

weights greater than 1000 were strongly adsorbed, whereas

those with molecular weights less than 1000 were only weakly

adsorbed. Davis (1980) found that only 50-66 percent of the

organic material from lake sediment that they were using

were ultimately adsorbed onto aluminum oxide, with the

remaining fraction only weakly adsorbed. The molecular

weight of these fractions was not determined.

Dissolved NOM also affects contaminant transport. Many

researchers have observed that hydrophobic contaminants and

trace metals have a strong affinity for binding with humic

substances (e.g. Carter and Suffet,1982; Caron et al, 1985).

This includes not only organic coatings on the sediments or

aquifer matrix, but also mobile colloidal-sized NOM par-

ticles. There is ample evidence of the transport of col-

loidal size particles through an aquifer matrix, often at

the same or greater rate than the movement of conservative

Ions (Robertson et al, 1984; Thurman et al, 1986). Even

though direct field evidence of the co-transport of pes-

ticides or trace metals on colloidal particles is lacking,

indirect field evidence and numerous laboratory experiments
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suggest that the process is occurring in the subsurface

environment (McDowell-Boyer et al, 1986). Organic colloids

have been shown to inhibit binding of polyaromatic hydrocar-

bons and polychlorinated biphenyls to the immobile phase of

chromatographic columns, and enhance the migration of diox-

ins from laboratory soil columns (Landrum et al, 1984; Muir

et al, 1986). All of this evidence suggests that the trans-

port of pesticides and trace metal contamination is strongly

affected by the mobility of humic acids and other colloids.

This facilitated transport can greatly decrease the pre-

dicted travel time of these substances through the envi-

ronment.

The purpose of this research was to determine the

transport vs. retention behavior of one fraction of natural

organic matter, fulvic acids, in water flowing through a

sandy soil. Breakthrough curves for the fulvic acid are

experimentally derived in a series of laboratory column

experiments with soil and a second series using aluminum

oxide as a model mineral surface. This allowed quantitative

estimates of transport parameters with only one well-defined

reactive surface in the system. A preliminary set of column

experiments was conducted using salicylic acid and aluminum

oxide. Preliminary experiments were used to test the ex-

perimental apparatus and to relate the sorption parameters

of the aluminum oxide used to past research.
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CHAPTER II 

BACKGROUND ON SOLUTE TRANSPORT THEORY 

1. GENERAL MODEL 

The governing equation for one-dimensional solute

transport through a porous media containing mobile and

immobile regions with sorption in both regions is (Van

Genuchten and Wierenga, 1976):
ac	 W•	 ase 	asi	 a2c	 DC

0, t—a + e i 	+ f 	 + (	
ax2

14)0	 =0,D 	 e Ue ee 	[1 ]at	 at 	ar
where e e and G I are volume fractions of the mobile and im-

mobile regions, respectively; C e and C i are the solute

concentrations in the mobile and immobile regions (pg/mL);

S E and S i are the sorbed concentrations in each region

(.tg/g); f is the fraction of sites in the mobile region; D

is the dispersion coefficient (cm 2 /g); cb is the bulk den-

sity of the porous media (g/cm 3 ); and U e is the average

pore water velocity. The dispersion coefficient is a func-

tion of both the average pore water velocity and molecular

diffusion (Freeze and Cherry, 1979):

D=aEle +D*	 (2]

where a is the dispersivity of the porous medium (cm), D *

is the coefficient of molecular diffusion for the solute in

porous media (cm 2 /s), and U e is the average pore water

velocity (cm/s). This equation shows how molecular diffusion

effects and the physical characteristics of the porous

medium itself are all incorporated into the total dispersion

coefficient.
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At t=0 the solute concentration everywhere in the

column is the same:

C(x,0)=Ci	 [31

where C is the solute concentration in the column for t > 0

and C i is the initial solute concentration. Other initial

conditions are possible for soil columns, but this relation-

ship most closely matched the conditions of this set of

experiments.

Two different upper boundary conditions are customarily

used in analysis of soil-column data, a constant-flux boun-

dary condition and a constant-concentration boundary condi-

tion. For this study a constant concentration boundary was

used:

C(0,t )=Co	 [4]

where C	 is the input concentration. Equation [4] can lead0

to mass balance errors when used for soil-column displace-

ment experiments where the solute is applied at a constant

rate. These errors may become significant for values of

(D/v) that are large (Van Genuchten, 1981). Since most

values for these experiments ranged from 0.5 to 35, the use

of this boundary condition did not produce considerable

error.

The lower boundary condition used is:
dc

[5]

This condition assumes a soil column of infinite length.

Since this is physically not true, analytical solutions
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based on this condition do not exactly model conditions. But

because of the small influence of the imposed mathematical

boundary conditions, solutions using this lower boundary

condition should not deviate significantly from actual soil

columns. This is especially so when using soil columns with

a length to width ratio significantly greater than one,

which is the case for these experiments (Van Genuchten,

1981).

2. EQUILIBRIUM SORPTION 

The term sorption is used here in a general sense. It

includes both adsorption, the accumulation of solute molecu-

les at an interface, and partitioning, the transfer of a

solute molecule between the aqueous phase and a bulk surface

phase.

The solution of equation [1] depends on the relation-

ships between the aqueous phase solute concentrations (C),

and the sorbed phase concentrations (S), and between con-

centrations in the mobile (C e ) and immobile (C i ) regions.

Both equilibrium and kinetic non-equilibrium equations have

been presented in the literature (Van Genuchten and Cleary,

1979). The mathematical relation between S and C is known as

an isotherm. These relations are derived using experimental

data collected at uniform temperature, pH, Eh, and ionic

strength. Three commonly used equations for interpreting

sorption data are the linear isotherm, the Langmuir isotherm

and the Freundlich isotherm.
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The simplest sorption model is a linear relationship

between sorbed and aqueous concentrations:

8 =Kp C	 [6]

where K	 is the partition coefficient (cm3 /g) and S and CP

are the sorbed ().tg/g) and aqueous concentrations (Ag/mL),

respectively. This equation generally holds when the con-

centration of available sorption sites is much greater than

the solute concentration.

The Langmuir equation models sorption data with the

following relationship:
CST

S = (7]KE1 + C

where S T is the maximum adsorbed concentration on the sur-

face (pg/g), K L is an empirical constant, and S and C are

as defined above. At sufficiently low aqueous concentra-

tions, equation [7] becomes:

S=C[STKL]	 [8]

and the Langmuir equation reduces to a linear isotherm with

K	 =K I. Sp 	 T•

The Freundlich isotherm is:

S =KC l in [9]

where K and n are empirical constants derived from plotting

log S vs log C. This equation becomes linear as n approaches

1.0.

Molecules adsorb to surfaces via van Der Waals forces,

ionic and covalent bonding, and hydrogen bonding. Adsorption

due to van Der Waals forces, termed physisorption arises
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from three relatively weak interactions: 1) London-type

dispersion forces, 2)dipole-dipole interactions and 3)

induction dipoles (Bales, 1987). Activation energies for

physical sorption due to van Der Waals attraction range from

2-6 Kcal/mol of species sorbed (Lasaga, 1981), thus the

reaction is fast.

Hydrogen bonding involves an attraction between hydro-

gen and more electronegative groups such as oxygen and

nitrogen. Molecules containing these substituents have areas

that are slightly electronegative and slightly electropos-

itive. These polar regions can attract other polar molecules

forming a temporary (milliseconds), weak electrostatic bond.

Activation energies for hydrogen bonding range from 3-10

Kcal/mol of molecules participating (Leja, 1982).

Chemical bonding consists of both ionic and covalent

bonds. Ionic bonds tend to act over large distances and are

non-directional. Covalent bonds act over much shorter dis-

tances and consist of the sharing of electron pairs. This

creates a hybridized electron orbital that replaces the

original electron configuration of the participating spec-

ies. Most chemical bonds are a mixture of these two types.

Bonds with a dominant ionic character are predominant in

situations of high electronegativity difference, while bonds

with a dominant covalent character predominate when the

electronegativities of the constituents are roughly equal.

Activation energies of chemical bonds exceed 20 Kcal/mol,
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much greater than hydrogen bonding (3-10 Kcal/mol) or Van

Der Waals forces (2-6 Kcal/mol). For this reason chemical

bonding has a greater influence on hydrophilic sorption

kinetics than the other two.

3. EQUILIBRIUM TRANSPORT MODEL 

The simplest mathematical case is the equilibrium

condition where no immobile region exists, sorption reac-

tions are fast, and sorption is linear and described by

equation [6]. Equation [1] then becomes:
ac	 as	 A2(1	 ac0 y +0 y = OD	 140 a 	[10]

Substitution of [6] into [10] gives:

XL
„ DC , a2c „ A DC

at- -ax 2 	e ax
Ie.[1+p7p )

By introducing the dimensionless parameter:
p= EreL

D
and normalizing distance to column length and time to the

residence time of a conservative tracer:

T= tU
e [14 ]

Z =	 [15]

equation [10] can be non-dimensionalized:

D, ac	 a2c ac=-at P aZ 2 aZ
[16]

4. FIRST ORDER MODEL 

The first-order model assumes no immobile region,

linear sorption at equilibrium following equation [6] and

first-order kinetics governing sorption. Equation [10] still

[12]

[13]
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holds, but a second equation is needed to describe sorption:

C 	 S	 [17]
k b

where k f and k b are the forward (adsorption) reaction rate

constant (s ) and reverse (desorption) reaction rate con-

stant (s ) respectively. The partition coefficient and

kinetic coefficients related by:
0 k

[18]- 0 kb

It follows that the sorption rate law expression is of the

following form:
as = kb ucpc - s]at

By using equations [12] - [14], and introducing the follow-

ing additional dimensionless parameters and variables,

OB:pkbL	 [20]co= 	
8Er,

R 1
R	

[21]

C 1 =C/C0 	(22]

C2 - Kp co	 [23]

equation [10] and [19] become dimensionless:
DC 1 	ac2 1 a2c 1 ac 1

p —al-, + (1--poR Tf = p az2	 az 	[ 24]

ac 2
(1-8)R -T, = œ[C1-C2]

5. TWO-REGION MODEL 

This model assumes mobile and immobile regions of

porous media with linear sorption. Equation [1] describes

[19]

[25]
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this situation. The two sorbed concentrations can be des-

cribed by:

Se = Kp C,	 [26]

S i = Kp Ci 	 [27]

This assumes that the same sorption reaction occurs in both

regions. The transfer of mass between the two regions is

described by: ac
 —at + 0 (14)	 = at [Ce -ci]

at [28]

where a e is a mass transfer coefficient. By substituting

equations [26] and [ 27] along with the following dimension-

less parameters and variables into equations [1] and [28],
ot,Lco= 	 [29]

LTe

Oi+0,-FOKp
I? - 	 [30]ei+Oe

Oe+f OA; 13 -	 [31]0,+0i -FOKp

Ue Oe t
T - 	 [32](0, -1-8i)L

C2- A;(Co -Cd	 [33]

[1] becomes [24] and (28] becomes [25].

6. TWO-SITE MODEL 

The two-site kinetic adsorption model assumes that the

solid surface is made up of two distinct types of sites with

which a solute will interact at different rates. These sorp-

tion sites are divided into type-1 sites which are equi-

S2 -Kp
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librium sites, and type-2 sites which are sites where ad-

sorption is time dependent (Van Genuchten, 1981). At equi-

librium, adsorption to both types of sites can be described

by the following linear equations:

	S i --K iC=FKp C	 [34]

	S2=K2C =(1-F)KpC	 [35]

where the subscripts 1 and 2 refer to type-1 and type-2

sites respectively and F is the fraction of sites occupied

by type-1 sorption sites. Total sorption, S, is then defined

as:

=s1+ s 2 	 [36]

Because type-1 sites are always at equilibrium, it follows:
as,	 ac=F -	 [37]
at	 P

The adsorption rate for type-2 sites is given by a linear,

reversible, first-order rate equation:

as 2

at
.aLK2C-S0	 [38]

where a is a first-order rate coefficient for desorption.

Combining equation [10] with equations [34]-[38] leads to

the following transport model (Van Genuchten,1981):
FOB; ac kaS2	 a	 Tr ac

[1+  e 	+ 0 	=D 
2C

—ax2 - ile	 39]

DS 2
= a [(1-F)Kp C -SO	 [40)

at
By using the definitions provided in equations [12]-[15] and

modifying the dimensionless parameters and variables as

follows:

= 
O+F 0Kp

13 	 [41 ]



a(1-13)RL 03
Eje

c - ci
[20]Cor

C = S2— 
(l—F)Kp Ci

2
04-WCp(Co—C )

	[44]

equations [39] and [40] lead to the dimensionless equations

presented in the two-region model ([25] and [33]).

7. THE EFFECT OF TRANSPORT PARAMETERS ON BREAKTHROUGH CURVES 

All of the transport parameters defined previously

affect the shape of breakthrough curves. Presented here are

calculated breakthrough curves for both equilibrium sorption

and kinetically limited sorption and desorption (two-region

model).

The volume of the solute pulse passed through the

column has a direct effect on peak effluent concentration

with sorption because of the finite number of adsorption

sites present. A small pulse will be initially adsorbed,

leaving little solute to flush out of the column resulting

in a small C/C 0 value. As the pulse increases, equilibrium

is reached and C/C 0 will rise to a value of 1.0. The sorp-

tion limb in the two-region situation (Figure 1B) does not

rise as steeply as it does in the equilibrium situation

(Figure 1A) because omega is set at 1.00 indicating slow

sorption, and beta is set at 0.5 indicating that half of the

adsorption sites are kinetically controlled.

23
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—PUISE 1.0 P.V.
--PUISE 4.0 P.V.
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--- - - PULSE 12.0 P.V.

Figure 1. Calculated effluent curves for indicated pulse
and P=60.0, R=2.0, 13 =0.5, and w=1.0. A: Equi-
librium model. B: Two-region model.
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The retardation factor indicates the degree of interac-

tion between sorbate and sorbent. Breakthrough curves with a

R of 1.0 represent conservative tracers, by definition. As R

increases in the equilibrium case, mass breakthrough is

delayed in time (Figure 2A). Some increased spreading is

also observed but a C/C	 of 1.0 is reached in all cases. In0

the kinetically controlled case, as R increases the peak

effluent concentration is reduced due to spreading of the

mass breakthrough over a longer period of time. This is seen

as increased desorption tailing (Figure 2B). The sorption

limb rises less steeply in the two-region case because the

rate of sorption is limited by w.

The Peclet number is inversely related to the extent of

dispersion in the system. In the equilibrium case, high

values of P resemble plug flow, with time of breakthrough

dependent only on R (Figure 3A). Breakthrough curves with

low values of P are manifested by gently sloping sorption

limbs, indicative of strong dispersion. Initial breakthrough

occurs much earlier with a low P in both cases, since the

solute is more dispersed around the solute front. In the

two-region model, variation in P has less effect because

slow sorption is a strong constraint on breakthrough. (Fig-

ure 3B). At P = 0.1, there is so much dispersion in the

system it dominates over advection.

w is the ratio of the residence time of a non-conser-

vative solute molecule in the column to the sorption reac-
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Figure 2. Calculated effluent curves for indicated retarda-
tion factor and P=60.0, B=0.5, w=1.0, and pulse=
10.0. A: Equilibrium model. B: Two-region model.
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Figure 3. Calculated effluent curves for indicated Peclet
number and R=2.0, B=0.5, w=1.0 and pulse=10.0.
A: Equilibrium model. B: Two-region model.
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tion rate. Breakthrough curves with low w values represent

the case where little interaction occurs between sorbate and

sorbent, and therefore resemble conservative tracer break-

through curves (Figure 4). As w increases the system ap-

proaches equilibrium conditions.

The parameter B is directly proportional to the frac-

tion of mobile (equilibrium) sites in the system. Break-

through curves with low B values exhibit slow sorption due

to diffusion controlled transport to immobile region surface

adsorption sites (Figure 5). As B increases the sorbate can

more readily interact with the surface and the system ap-

proaches equilibrium. For B = 0, the two region model sim-

plifies to the first order model.
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Figure 4. Calculated effluent curves for indicated value of
w and P=60.0, R=2.0, 3 =0.5 and pulse=10.0. Two-
region model.

Figure 5. Calculated effluent curves for indicated value of
B and P=60.0, R=2.0, w=1.0, and pulse=10.0. Two-
region model.
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CHAPTER III 

METHODS AND MATERIALS 

The sorption of fulvic acid onto aluminum oxide and

soils was investigated by conducting both batch and con-

tinuous-flow column experiments. Initial experiments were

run using the model compound salicylic acid, which has the

carboxyl and phenolic functional groups that are important

for adsorption of fulvic acid. Both batch and column experi-

ments were run to determine adsorption of salicylic acid on

aluminum oxide, providing a comparison between the methods.

Only column experiments were conducted using natural organic

matter, with both aluminum oxide and desert soil as sor-

bents. The primary variables investigated were solute con-

centration (3-40 mg/L) and pH of the system (7.0-9.0).

1. BATCH EXPERIMENTS 

Batch experiments were run with salicylic acid, to

compare the partition coefficients obtained under near

equilibrium conditions with those obtained from column

experiments. Each 250-mL batch flask contained 60 or 600 mg

of aluminum oxide solids, 2 to 15 mL of 1000 mg/L salicylic

acid and 7.5 mL of 0.1 M sodium chloride to provide uniform

ionic strength. The flasks were then diluted up to 75 mL

with de-ionized water for a final ionic strength of 0.01 M.

The batch flasks were then adjusted to the desired pH (7.0

or 8.0), and placed on a shaker table to provide continuous

agitation for seven days. The pH of the flasks was monitored
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twice daily, and adjusted as needed. Aqueous 5-mL samples

were extracted at four hours, 48 hours and 168 hours using a

50-mL syringe. The samples were then filtered with 0.22-pm

Milipore hydrophilic acetate filters to remove any colloidal

aluminum oxide. Finally the samples were acidified with two

drops of 1 M HC1, placed in cuvettes and analyzed for ab-

sorbance at 299 nm using a Beckman DU-40 ultraviolet-visible

(UV-Vis) spectrophotometer. Salicylic acid standards were

used to construct a calibration curve before each sampling.

The sorbed concentration could then be determined by mass

balance.

2. COLUMN EXPERIMENTS 

The column apparatus consisted of three parts; the feed

system, the column, and the detection system (Figure 6).

Low-pressure glass columns were used for the aluminum oxide-

silica sphere experiments. The soil experiments required

stainless steel columns to accommodate higher operating

pressures.

The feed system for experiments 1-4 used a peristaltic

pump, but flow rate varied considerably making interpreta-

tion of results problematic. A Beckman high performance

liquid chromatography (HPLC) pump provided a constant flow

rate for subsequent experiments, including all of the data

presented here. To get desired concentrations, salicylic or

fulvic acid were dissolved in a sodium chloride or sodium

carbonate buffer solution (0.02 M) and placed in a 2-L glass
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Figure 6. Column experiment apparatus.
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beaker covered with plastic wrap to keep dust out. A 0.2 cm

I.D. (1/8-th inch) teflon tube delivered the solution to the

HPLC pump, and from the pump to the inlet of the column.

This configuration allowed the solution to contact only

glass, stainless steel and teflon during delivery, minimiz-

ing any possible sorption to the surface of the apparatus.

Because salicylic and fulvic acids are soluble in water, a

constant input concentration was maintained. Samples of the

input-solution reservoir in experiment 2 and 9 were analyzed

every two hours for the first eight hours, and every 24

hours after that on a Beckman DU-40 UV-VIS spectrophoto-

meter. No significant change in the concentration was ob-

served, and was assumed to be constant for future experi-

ments. A magnetic stirrer was used to insure complete mixing

of the input solution in one experiment, but it did not

appear to affect the experimental results and was not used

thereafter.

A Spectrum Medical Industries, Los Angeles, California,

glass column (1.5-cm I.D. by 20-cm length) was used for the

first 13 column experiments. It was packed with a ratio of

1:100 alox-silica by weight. The great extent of sorption

necessitated the use of a smaller glass column (Spectrum:

0.9-cm I.D. by 15-cm length) in experiments 14 (all silica)

and 15 (1:1000 alox-silica) to achieve full breakthrough.

All of the fittings above and below the column were made of

teflon. For the soil experiments, columns were needed that
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could withstand pressures much higher than the 40-90 psi

rating of the glass columns. Stainless steel columns were

used with all stainless steel tubing and column ends. This

allowed column back-pressures in excess of 3000 psi without

leakage or reduction in flow rate. Stainless steel frits

were installed at both ends of the column to exclude pos-

sible particulate contamination from the input solutions,

and contain all but the smallest clays inside the column to

participate in sorption reactions. The columns were sup-

ported vertically on a ringstand, filled with soil or a

mixture of silica and aluminum oxide, and wetted from the

bottom up at a very slow flow rate. This was done to mini-

mize the trapped air as the wetting front of the input

solution progressed up the column.

The column outlet connected to a Wescan flow-through

conductivity cell via a 0.06-cm (1/16-th inch) I.D. teflon

tube. Directly downstream of the conductivity cell was a UV

detector equipped with a flow-through cell. The unit used in

the first eight experiments, a Schoeffel Instrument Spec-

trof low model SF770, was quite satisfactory for the 16-hour

salicylic-acid experiments, but showed significant baseline

drift when used for the fulvic-acid experiments, which

lasted up to seven days. A Hitachi 100-40 UV-VIS detector

with an Altex 155-00 flow-through cell maintained a much

more constant baseline and improved experimental results for

the longer experiments. The wavelengths used were 299 nm for
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salicylic acid, and 254 nm for fulvic acid. Conductivity

data were recorded manually, and the UV absorbance data was

collected continuously using a Linseis chart recorder.

All of the column experiments were run using a similar

procedure. First the spectrophotometer and conductivity

meter were allowed to warm up overnight, while the column

was flushed out with a pure 0.01 M sodium carbonate buffer

solution of the desired experimental pH. This allowed the

electronics to stabilize, resulting in a constant baseline

reference to begin the experiment. A solution containing

0.02 M buffer and fulvic or salicylic acid was then intro-

duced into the feed system, the chart paper was marked to

reference the start of the pulse, and a stopwatch started to

record elapsed time. The initial flow rate was determined by

taring a 10-mL volumetric flask, allowing column effluent to

fill it, reading elapsed time and re-weighing the flask.

This was done several times during the course of the experi-

ment to insure consistency. Several times during the experi-

ment the input solution was pumped directly through the

spectrophotometer using a Ismatec IPN peristaltic pump to

determine UV changes in feed concentration. The flow rate of

the peristaltic pump was adjusted until it was the same as

in the column, as measured absorbance was sensitive to flow

rate. An increase in the flow rate through the detector

caused a decrease in the observed absorbance for a given

solute concentration. The pH of the input solution was
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periodically measured and adjusted if necessary. After the

desired breakthrough was observed, the feed solution was

changed back to 0.01 M sodium carbonate buffer. The elapsed

time was then recorded to determine the volume of the pulse

run through the column. The 0.01 M sodium carbonate buffer

solution was then run through the column until column ef-

fluent returned to baseline UV absorbance. The pH of the

buffer solution was also measured periodically, and adjust-

ments made if needed.

Effluent solute concentration was divided by the input

concentration to give the dimensionless ratio (C/C 0 ).

Conductivity data was recorded to determine the volume of

accessible pores as well as aid in the calculation of a

retardation factor from breakthrough curves. The conduc-

tivity readings were normalized to the initial and final

conductivity readings during breakthrough according to the

following equation: C-Cic i- Co -C,i [45]

where Cis the present conductivity reading, C	 is the

initial reading and C o is the final reading after break-

through. The product of the pore water velocity in the

column and elapsed time was divided by the void volume in

the column to determine dimensionless time or pore volumes.

The procedure used to interpret breakthrough curves

following Whitehead (1987) involves dividing the area under

the curves as shown in Figure 7. The area under the input
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Figure 7. Hypothetical breakthrough curve illustrating mass
balance. A+B+C = B+C+D = C+D+E; B = E.
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pulse (A+B+C) represents the mass of solute introduced into

the column. The area under the solute breakthrough curve

(C+D+E) is equal to the mass flowing out of the column.

These areas should be equal for proper mass balance in a

system with no transformation of the sorbate during the

course of the experiment. The area under the conductivity

curve (B+C+D) represents the breakthrough of a conservative

tracer, so it should equal the area under the other two

curves. The result of this is that area B must equal area E,

and these areas represent the mass of solute sorbed and

desorbed respectively. Solute mass adsorbed can be simply

calculated from these areas as follows (Whitehead, 1987):

m=XC
0 V 0 	[46]

where m is the mass of solute (Ag), X is the area under the

curve (in units of dimensionless concentration times pore

volumes), C 0 is the input concentration ()Lg/mL) and V 0 is

one pore volume (mL). The area under the curves was deter-

mined by weighing a unit area of the breakthrough curve

copied on good quality bond paper on a Mettler balance with

0.1 mg accuracy, then weighing the sorption and desorption

areas and dividing by the unit weight. All of the salicylic

acid column experiments could be evaluated for mass balance

using this process, but only certain fulvic acid experiments

could be evaluated due to incomplete desorption. Area B of

Figure 7 is also equal to R-1 assuming a linear isotherm.

This allowed independent estimates of K p to be made from
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the breakthrough curves.

3. SORBENTS 

3.1 SILICA

The silica beads used in the column experiments were

obtained from Potter Industries Inc., Hasbrouck Heights, New

Jersey. They are composed of sodium silicate, and 90 percent

of the particles are in the size range between 425 and 600

}1m. This material is composed of solid silica spheres with

no internal porosity. The silica was heated overnight at 500

0 C to drive off any organic contamination. It was then

washed successively with 4 M HNO 3 and 4 M NaOH. Following

each wash, the silica was rinsed with de-ionized water until

the pH of the supernate was that of the original wash water.

Finally, the silica was dried overnight at 130 0 C.

The silica surface acts as a monoprotic acid, with a

pK a =7.4 (Bales,1986). Figure 8 shows the speciation of the

silica surface according to the following reaction:

>SIOH = >S10	 + H 4

where >SiOH is the uncharged silica surface and >Si0 - is

the de-protonated negatively charged surface.

3.2 ALUMINUM OXIDE

The aluminum oxide used in both the batch and column

experiments was Y-aluminum oxide, obtained from the Aluminum

Company of America, Pittsburgh, Pennsylvania. The particles

are porous aggregates with a reported size range of 322-644

nm, and a mean particle size of 483 nm. The internal pores
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have a reported mean diameter of 4 nm. The surface area,

measured by single point N 2 adsorption was 317 m2 /g. A

solids density was reported at 3.4 g/cm 3 . Bulk density was

measured at 0.66 g/cm 3 by packing a tare weighted graduated

cylinder to 15 mL and re-weighing.

Prior to it's use, the alumina was washed once with 0.1

M NaOH, and rinsed seven times with double distilled water

(Hohl & Stumm, 1976). The material was centrifuged between

washings, which may have removed some of the fines. Finally

it was oven dried overnight at 110 0 C, and the large ag-

gregates were gently broken up with mortar and pestle. Over

the course of the experiments the alumina was stored in a

glass jar and kept in a desiccator.

The aluminum oxide surface can both protonate and

become positively charged, or de-protonate and become nega-

tively charged according to the following equations (Bales,

1986):
4

>A1OH =>A1OH + H2	 pK ay= 7.4

>A1OH = >A10 - + H + 	pK a2

where >A1OH 2 is the positively charged protonated surface,

>A1OH is the neutral surface, and >A10 - is the negatively

charged de-protonated surface. Figure 9 is a predominance

diagram of these three species versus pH.

3.3 SOIL

The soils used in this experiment were chosen because

they represent material which would be encountered by re-
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charge water if it is allowed to seep into local dry river

beds. They were collected from the upper section of the

Tangue Verde Wash, located in Tucson, Arizona (T 14 S, R 16

E, sections 4 and 5). The samples were collected at the

surface down to about six inches in depth. Grain size dis-

tribution, determined by sieve, revealed that greater than

65 percent of the grains are 1 mm or larger (Table 1) (Gron-

din, 1987).

An examination of the soil under a ten-power microscope

produced the following rough estimates of it's constituents;

quartz 25 percent, plagioclase 45 percent, orthoclase 20

percent, biotite/phlogopite/muscovite three percent, horn-

blende and other amphiboles five percent, and a few percent

unidentifiable grains. The smaller grains were sub-rounded

while the larger grains were sub-angular. Clay and very fine

sand sized coatings were apparent on all of the mineral

surfaces.

4. FULVIC ACID 

The soil fulvic acid used in these experiments was

isolated from a Michigan peat soil. The method used is as

follows (Collins, 1985):

1) Peat soil was mixed with 0.1 M NaOH for 18 hours.

2) Centrifugation and membrane filtration was used to

separate out the dissolved humic substances.

3) The humic acid fraction was extracted by filtration

after lowering to pH 1.0.



TABLE 1- Grain Size Analysis for Toque Verde Wash Soil

GRAIN SIZE (gm)	 PERCENT WITHIN GRAIN SIZE RANGE

>3.350 	35.59

	

1.397 - 3.350
	

23.66

	

1.000 - 1.397
	

9.33

	

0.850 - 1.000
	

4.38

	

0.425 - 0.850
	

16.11

	

0.250 -0.425 	8.27

	

0.180 - 0.250
	

1.55

<0.180
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4) The fulvic acid component was extracted by dissolving

in n-butanol.

5) Dry fulvic acid was recovered by desaltation and drying

of the n-butanol solution of fulvic acid.

The bulk of the fulvic acid was stored in the granular state

until needed. No more than 500 mL of 20 mg/L fulvic acid

stock solution was kept dissolved at any one time, and this

was kept refrigerated and shielded from light between ex-

periments. This procedure minimized any change in the fulvic

acid structure over time due to polymerization.



CHAPTER IV
RESULTS 

Batch experiments were run to investigate the adsorp-

tion of salicylic acid on aluminum oxide, and column experi-

ments were run to investigate the adsorption of salicylic

and fulvic acid on aluminum oxide and desert soil.

1. BATCH RESULTS 

Four sets of batch experiments were conducted at two

different solids concentrations and two pH values, each

consisting of five batch flasks at different salicylic acid

concentrations.

Salicylic acid contains both phenolic and carboxylic

functional groups. Since the pK a of the phenolic groups is

13.4 (Kummert and Stumm,1980), these groups were predomin-

antly uncharged at the pH of the experiments, and their

contribution to sorption should be small. Carboxylic func-

tional groups have a pK a of 2.8 (Kummert and Stumm, 1980),

and are therefore negatively charged at all experimental

pH's. These negatively charged functional groups interact

with the positively charged sites on the aluminum oxide

surface, and give the overall sorption process it's strong

pH dependency.

In all cases the extent of adsorption increased over

the 7 days of the experiments (Figure 10 a-d). The slopes of

these curves at any point represent the linear partition

coefficients of the sorption process at that salicylic acid

concentration. Data indicate that equilibrium is not achiev-
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Figure 10. Isotherms for salicyli c acid adsorption onto
aluminum oxide (power fit) at times indicated;
A: pH 7, Alox 800 mg/L ; B: pH 7, Alox 8000 mg/L;
C: pH 8, Alox 800 mg/L ; D: pH 8, Alox 8000 mg/L.
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ed. Experiments suggest that weeks may be required for

equilibrium. At pH 7, days 1 and 3 are linear, while day 7

begins to show leveling off, a characteristic of Langmuir

behavior. At pH 8 a similar trend is observed at 800 mg/L

solids concentration, but at 8000 mg/L all days are nearly

linear. The increase in extent of adsorption between day 1

and day 3 is not as large as that between day 3 and day 7

for all cases except pH 8, 800 mg/L solids concentration,

where the increases are about equal. This suggests that

either slow sorption kinetics require a time scale greater

than 3 days for the reaction to occur, or many sorption

sites are located in the dead end passages of the aluminum

oxide porous aggregate, requiring time for the salicylic

acid to diffuse into these pores.

At 800 mg/L aluminum oxide concentration, no signifi-

cant difference in sorption extent was observed between pH 7

and 8 (Figure 11A). At 8000 mg/L solids concentration,

greater adsorption is observed after 7 days at pH 7 than pH

8 (Figure 11B). More positively charged sites on the alumin-

um oxide coupled with more negatively charged carboxylic

groups will increase electrostatic attraction. It is not

clear why the 800 mg/L results did not follow this expected

trend.

Isotherms obtained at a solids concentration of 800

mg/L exhibit greater sorption than those at 8000 mg/L. This

may be due to coagulation of the aluminum oxide, inhibiting
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Figure 11. Isotherms for salicylic acid adsorption onto
aluminum oxide at pH indicated (power fit).
A: Alox 800 mg/L, Day 7.
B: Alox 8000 mg/L, Day 7.
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it's reactivity, or incomplete solid-liquid separation

(Figure 12 A-B).

Three methods were used to calculate partition coeffi-

cients from the batch experiment results; a linear model, a

Freundlich model, and a Langmuir model. The equations for

these models were presented in the Chapter II, equations

[6]-[91. Table 2 lists the results of these analyses. See

Appendix B for a more complete tabulation of the batch

experiment results. The Langmuir parameters were estimated

by plotting 1/S vs 1/C (Figure 13). A linear regression of

these data provided a Y-intercept equal to S T and a slope

equal to 1/K L S T . As shown in chapter 2, the product of K L

and S	 represents a linear K assuming low solute concen-

tration. The K	 values obtained by linear analysis are

consistently smaller than the K p ST products from the

Langmuir analysis by up to 150 percent except for the ex-

periment run at pH 8 and 800 mg/L aluminum oxide where the

values agree quite closely. The Freundlich parameters were

estimated by plotting log S vs log C. The Y-intercept of

this plot was equal to K F and the slope equal to n. The

values of n listed in Table 2 are significantly less than

one in most cases indicating deviation from linearity.

The Langmuir estimates of partition coefficient will be

used to estimate a linear K	 for comparison to column re-

sults because they account for non-linearity at high solute

concentration. The linear and Freundlich estimates incor-
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Figure 12. Isotherms for salicylic acid adsorption onto
aluminum oxide at solids concentration indicated
(power fit) at day 7. A: pH 7. B: pH 8.



Figure 13. Typical Langmuir plot; Y-intercept = 1/S T ,
slope = 1/K L S T ; pH 7, Alox 800 mg/L, day 7.
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TABLE 2. Partition Coefficient Estimates From Batch Experiments

LINEAR ANALYSIS	 FREUNDLICH ANALYSIS 
	K 	 K	 n	 r

	(cm	 (cs 3 /g)

pH 7.0, Alox 800 mg/L: 

LANGMUIR ANALYSIS 
ST	 K	 L	 Kp 3

(pCg)	 (cm3/g)
	 ) 	 (x1 .6" 	 ) 	

r 2

Day	 I: 107 t 19 163 0.883 0.994 2.16 6.52 153 0.997

Day 3: 199 t 99 583 0.684 0.984 1.55 2.63 405 0.979

Day 7: 573 t 417 2003 0.580 0.980 2.61 56.4 1471 0.972

pH 7 • 0, Alox 8000 mg/L:

Day	 1: 49 t 13 90 0.817 0.993 85.0 7.76 65 0.998

Day 3: 102 t 49 239 0.705 0.985 1.07 14.0 150 0.991

Day 7: 508 t 478 1067 0.511 0.985 67.7 205 1388 0.994

pH 8.0, Alox 800 mph:

Day	 1: 147 t 75 331 0.749 0.841 0.106 1.37 144 0.970

Day 3: 230 t 50 305 0.917 0.975 8.25 2.65 219 0.995

Day 7: 292 t 46 209 1.090 0.995 5.51 4.25 234 0.999

pH 8.0, Alox 8000 •g/L:

Day	 1: 56 t 10 82 0.806 0.997 76.4 9.81 75 0.995

Day 3: 70 t 18 118 0.837 0.993 1.11 8.44 94 0.998

Day 7: 166 t 73 341 0.727 0.993 84.3 3.43 288 0.997

52

a- product of ST and K L
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porate information from much higher solute concentrations. S

and S T values at the higher batch concentrations become

comparable, suggesting that error is introduced by assuming

linear isotherm behavior.

2. SALICYLIC ACID COLUMN EXPERIMENTS 

As in the batch experiments, lower pH facilitates

greater sorption due to increased positive charge on the

aluminum oxide surface and increased ionization of the

negatively charged carboxyl groups on the salicylic acid

(Figure 14 A). Long desorption tailing indicates that this

system exhibits a slow approach to equilibrium. This column

was packed with a 100:1 silica:aluminum oxide mixture. The

K	 area measurement estimates for pH's 7, 8, and 9 were

74.9 cm 3 /g, 50.0 cm 3/g, and 32.7 cm a /g respectively. The

mass out/mass in ratios for the same pH's were 0.93, 0.97

and 0.91 respectively (Table 3).

An experiment run at a C 0 of 5 mg/L (vs 40 mg/L above)

and pH 9 gave a K p =48.3 cd/g and a mass out/mass in ratio

of 0.84. This larger K p may be attributed to the great

number of favorable surface sorption sites on the aluminum

oxide, overwhelming the smaller number of salicylic acid

molecules at the lower concentration. It takes far fewer

sites to decrease the dimensionless effluent concentration

at the lower concentration, and this causes a slower rise of

the sorption limb. Figure 14 B shows that the late tailing

behavior of the two concentrations is not much different, it
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Figure 14. Sàlicylic acid breakthrough curves on 1:100
aluminum oxide:silica column at indicated pH and
C „ U,=0.018 cm/s, Pulses; pH 7: 16.6 P.V.,
pH- 8: 11.4 P.V., pH 9: 40 mg/L- 13.0 P.V., 5
mg/L- 13.6 P.V.
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just takes longer for the 5 mg/L breakthrough curve to reach

a C/C 0 of 1.0 during sorption.

3. FULVIC ACID ON ALUMINUM OXIDE

The four initial fulvic acid experiments (10-13) ex-

hibited incomplete desorption. The sorbed mass was consis-

tently higher than the desorbed mass by as much as twenty

times. This suggests that the sorption process was partially

irreversible, or occurred on a time scale too long to cap-

ture during the course of these experiments. The shape of

the upper ten percent of the breakthrough curves in the last

fulvic acid/aluminum oxide experiment with 1/10th the alumi-

num oxide mass, and the fulvic acid/soil experiments was

approximated, leading to greater error in mass balance

calculations. Sorption irreversibility increases with de-

creasing pH. At pH 7 only 16 percent of the mass desorbed,

at pH 8 this value rose to 48 percent and by pH 9 mass

balance was achieved (Table 3). This is because as the

solute develops a greater affinity for the sorbent at lower

pH, desorption rates are slowed. Running the experiments for

a matter of weeks may have achieved full desorption of the

fulvic acid.

Fulvic acid is more strongly adsorbed than is salicylic

acid, and it reaches equilibrium more slowly (Figure 15). At

pH 8.4, C/C0 reaches only 0.15 even after more than 150 pore

volumes. At pH 8.7, C/C0 reaches 0.4 after 100 pore volumes,

and the pH 9 curve reaches about 0.9 in that same 100 pore
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Figure 15. Fulvic acid breakthrough on 1:100 aluminum oxide:
silica column at indicated pH; U e =0.007 cm/s,
C ,=4 mg/L, Pulses; pH 8.4: 150.0 P.V., pH 8.7:
10-0.6 P.V., and pH 9: 103.5 P.V.

Figure 16. Fulvic acid breakthrough on blank silica column
at pH 8.3, C 0 =4 mg/L, U,F0.025 cm/s, and pulse=
148.8 P.V., Experiemnt 14.



TABLE 3. Mass Balance Results From Breakthrough Curve Area
Calculations

SORB	 DESORB
EXPT	 AREA	 MASS(ug)	 AREA

SALICYLIC ACID:

RATIO
MASS(ug) OUT/IN DIFFERtugi

5 1.97 985 1.92 960 0.975 25.0

6 2.98 1538 2.77 1429 0.930 108.4

7 1.32 684 1.19 616 0.907 68.0

8 2.02 1053 1.69 881 0.835 172.0

FULVIC ACID:

15 15.44 165 7.43 79 0.481 85.6

16 6.16 82 5.76 76 0.936 5.3

17 30.27 405 4.84 65 0.160 340.0

18 11.37 154 11.39 154 0.998 -0.3

19 14.30 193 12.47 169 0.872 24.7
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volumes. The salicylic acid breakthrough curves rise to a

C/C0 of 1.0 in only 15 pore volumes. The shape of the break-

through curves is also different. The salicylic acid break

through curves rise fairly uniformly until they begin to

level off near a C/C 0 of 1.0 (Figure 14). The fulvic acid

breakthrough curves rise very steeply for the first 1.5 pore

volumes exhibiting conservative behavior, then begin to

level off in a long shallow sloping portion (Figure 15).

This behavior suggests a slow sorption reaction. The solute

has very little interaction with the surface in the first

1.5 pore volumes because of insufficient time for the reac-

tion to proceed. After 1.5 pore volumes, sorption begins and

the curves level off. This slow sorption gives rise to slow

desorption as well. We can observe the entire process of

sorption and desorption for salicylic acid in 60 pore vol-

umes. But with fulvic acid desorption, over 1000 pore vol-

umes would need to be observed to capture the complete

process. Fulvic acid adsorption is more pH dependent than

that of salicylic acid. This is probably because fulvic acid

contains on average nine carboxylic functional groups per

molecule (Schnitzer and Khan, 1972), resulting in greater

charge difference per molecule as pH changes, and creating

the possibility of multiple binding.

A blank column was run packed only with solid silica

spheres (experiment 14). The breakthrough curve indicates

little sorption (Figure 16), consistent with previous obser-
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vations that NOM does not strongly bind to silica (Davis,

1982). There is a mass balance problem with this experiment,

which may be due in part to fluctuations in the measured

input concentration. Either an erroneously high input con-

centration measurement led to overestimation of the extent

of sorption, or a small shift in baseline reduced the de-

sorption mass to near zero. This experiment was run at pH

8.3, to simulate a common pH of natural waters. A smaller

column was used for this experiment than that used previous-

ly. Total volume of this column was 9.5 mL compared with a

volume of 35.3 mL for the column used in other experiments.

One other aluminum oxide column experiment was run to

achieve full breakthrough for the fulvic acid/aluminum oxide

system (experiment 15). This was done by reducing the ratio

of aluminum oxide to silica from 1:100 to 1:1000, and using

a smaller glass column. This experiment was run at pH 8.3

and reached greater than 95 percent breakthrough by 150 pore

volumes (Figure 17), quite a difference from the pH 8.4

curve shown in Figure 15. The model estimates of K p indi-

cate that this column showed only 1/18th the sorption that

the 100:1 column did, after normalizing for aluminum oxide

mass. This is probably due to overestimation of K p for the

100:1 column due to incomplete breakthrough, and suggests

that more accurate parameters could be obtained if a new

series of experiments were run using a smaller mass of

aluminum oxide in the column.
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Figure 17. Fulvic acid breakthrough on 1:1000 aluminum
oxide:silica column at pH 8.3, U e =0.025 cm/s,
C =4 mg/L, pulse=156.2 P.V., Experiment 15.

Figure 18. Fulvic acid breakthrough on soil column at
indicated pH, U p =0.02 cm/s, C 0=4 mg/L, and
pulses; pH 7: 126.8 P.V., pH 8: 122.4 P.V., and
pH 9: 104.5 P.V.
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4. FULVIC ACID ON SOILS 

The same pH dependency on sorption observed in the

previous column experiments is seen with the low f oc soils

(Figure 18). At pH 7.0, the breakthrough curve rises to a

of 0.85 after over 125 pore volumes while the pH 8.0

and 9.0 curves rise more quickly and achieve a C/C 0 of 0.9

after approximately 25 and 70 pore volumes respectively. The

initial rise of the sorption limb is very steep, exhibiting

conservative behavior for the first pore volume. The curves

then start to level off in a long shallow sloping portion

indicative of the slow sorption process discussed in the

fulvic acid/aluminum oxide section. The adsorption to these

low f	 soils has lower K 's 7.05, 3.33 and 2.65 for pH 7,ac	 P
8 and 9 respectively than is seen on the aluminum oxide. At

pH 9, the only common pH, this corresponds to a silica:alox

ratio of 421:1. A contributing factor to pH dependent ad-

sorption in the soil experiments may be iron and manganese

oxides in the soil clays. The pH Nc of iron oxide ranges

from 6.0-7.0, so it would be nearly uncharged in this pH

range. At higher pH's it would become negatively charged and

repel negatively charged functional groups away from the

surface, resulting in less observed sorption. But negatively

charged metal-oxide sites may also become favorable sites

for cation bridging, and increase extent of adsorption.

The desorption behavior of the fulvic acid from soil

is not nearly as straightforward. The pH 8.0 breakthrough
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curve shows the slowest C/C 0 decay, while pH 9.0 is inter-

mediate and pH 7.0 decays the fastest. This behavior cannot

be explained by simple electrostatic effects. One possible

explanation is that the shape of the molecule may change as

a function of pH. Since the molecule itself is held together

by hydrogen bonding between polar functional groups, and the

extent of ionization of those groups is a function of pH,

the shape of the molecule might also change with changing

pH. It is conceivable that at pH 8.0, the shape of the

fulvic acid molecule is less favorable to multiple binding

with the existing clay and mineral surface sites, resulting

in a faster sorption and desorption reaction than at pH 7 or

9. Certainly clay platelets and euhedral crystal faces have

adsorption sites that require the sorbate to possess the

proper geometry before multiple binding can take place. One

problem with this idea is that the sorption limbs of the

breakthrough curves do not indicate a relatively faster

adsorption reaction at pH 8.

During the first soil experiment run after packing the

column (number 16) fines were removed from the column even

though it was flushed for several days before starting the

experiment. This was evidenced by colloidal clay particles

seen in the waste vessel. The frits on either end of the

column have a 2-Am pore size, so the fines removed must be

smaller than 2-Am in size. The results of this experiment,

shown in Figure 19, were not compared with the other soil



Figure 19. Fulvic acid breakthrough on soil column at pH 8,
U e =0.02 cm/s, C0 =4 mg/L, pulse=128.3 P.V.,
experiment 16.
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column results, but instead were evaluated separately. This

curve shows that the sorption limb rises to almost full

breakthrough in two pore volumes. This is probably due to

facilitated transport of fulvic acid through the column on

clay particles, as well as erroneously high effluent con-

centration readings caused by UV absorbance by the clay

particles themselves. The rise of the sorption limb is also

somewhat erratic, probably due to uneven flushing of the

fines through the frit as pressure in the column increased.

Significant pressure fluctuations in the column were ob-

served during the course of the experiment.
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CHAPTER V

DISCUSSION 

Experimental data are fit to the transport equations

presented in Chapter 2. The non-linear least squares com-

puter optimization program CFITIM (Van Genuchten, 1981) was

used to estimate dimensionless transport parameters, which

were then related to physical processes occurring inside the

column. Where possible, physical explanations will be sug-

gested to explain apparent trends in the transport para-

meters.

1. CONSERVATIVE TRACER DISPERSION 

All of the column experiments were run with a conserva-

tive tracer accompanying the non-conservative solute. Addi-

tional experiments with only the salt as a solute were run

at different flow velocities to determine the relationship

between pore water velocity and dispersion coefficient. The

dispersion coefficients were derived from Peclet number

estimates of equilibrium model fits of the conductivity

breakthrough curves. The conservative tracer fits from the

solute experiments are included in Table 4.

The equilibrium model provided a good fit to the con-

ductivity breakthrough curves and all retardation factors

were near 1.0 (Table 4). In some instances it was necessary

to allow the pulse parameter to be fit by the model to

obtain an acceptable fit. The magnitude of the pulse varia-

tion was quite small, less than 0.5 pore volumes, but it
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TABLE 4. Na2 CO	 Fits (Equilibrium Model) 3

Conditions	 Model Fit
EXP	 pH	 Ue	 PULSE	 PECLET	 DISP	 PULSE	 R 	SSO

	 (cils) 	P.V.	 (cm 2 /s)	 P.V. 	
SALICYLIC ACID EXPTS:

5 8.0 0.0177 11.4 148± 5.2 0.0024 11.5 1.01 t 0.002 0.019

6 7.0 0.0176 16.6 158t 5.2 0.0022 16.2 1.01 t 0.002 0.036

7 9.0 0.0186 13.0 80.9 t	 1.0 0.0046 13.2 1.02 t 0.001 0.009

8 9.0 0.0184 13.6 82.3 t 0.83 0.0045 13.6 1.01	 t 0.001 0.005

FULVIC ACID EXPTS:
10 9.0 0.0156 60.8 77.6t 6.1 0.0040 60.9 1.01 t 0.005 0.027

AVERAGE D:	 .0035t.001

11 9.0 0.0078 103 62.3 t 48 0.0025 103 1.03 t 0.064 0.032

12 8.4 0.0068 150 32.5 ±28 0.0038 150 0.96 t	 1.1 0.007

13 8.7 0.0073 100 95.3 t 31 0.0015 101 1.04 t	 1.2 0.016
AVERAGE D:	 .0026t.001

15 8.3 0.0253 156 40.0 t 2.4 0.0095 156 1.02 t 0.004 0.046

SOIL EXPTS:
16 8.0 0.0199 128 41.5 t	 1.1 0.0067 129 1.03 t 0.31 0.003

17 7.0 0.0198 127 33.2 t 2.1 0.0083 127 1.03 t 0.006 0.015

18 9.0 0.0197 104 30.1	 t	 1.4 0.0092 104 1.04 t 0.044 0.006

19 8.0 0.0198 122 36.0 t 0.50 0.0077 122 1.03 t 0.001 0.008
SOIL COLUMN AVE D: .0080t.001
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improved model fits tremendously. This may suggest that some

of the porosity is tied up as dead end pores and not acces-

sible to the flow system, or errors in velocity measurement

occurred.

Figure 20 shows the log velocity/log dispersion rela-

tionships in the three different flow systems used. Table 5

lists the data used for this plot, obtained from all the

experiments that were run. The power best fit equation for

each of the lines are:

35.3 ml Column- 1:100 aluminum oxide/silica:

D = -0.135(U e ) 1.342r 2

	

= 0.88	 [47]

9.5 ml Column- 1:1000 aluminum oxide/silica:

0.417	 2r = 0.95D = -0.002(U E ) 

8.9 ml Column- Soil:

D = 0.001(U e ) 0.349	 r2 = 0.96	 [49]

2. EQUILIBRIUM MODEL FITS 

An analysis following Rose (1977) was performed by

modeling all experiments with the equilibrium model (Tables

5-7). These data was then plotted as log (D/D 0 ) vs log

(U e d /D ) where D is the equilibrium model dispersionp	 o

coefficient (cm 2 /s), D 0 is the molecular diffusion coef-

ficient (cm 2 /s), d p is particle diameter (cm), and U e is

the average pore water velocity (cm/s) (Figure 21). To more

easily enable visual comparison of the data, lines with a

slope of one were drawn through the average of the data

points shown. The salicylic acid and fulvic acid lines lie

[48]
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Figure 20. Log velocity-log dispersion plots for the three
flow systems indicated (linear fit).

Figure 21. Plot of log (D/D 0 ) vs log (U e d nID d for
equilibrium model fits of the thrée solutes.
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progressively further above the sodium carbonate line, sug-

gesting that the dispersion coefficient estimates from the

equilibrium model are too large. For this reason a model

that included another kinetic parameter was chosen for these

systems.

3. NON-CONSERVATIVE SOLUTE MODEL FITS 

The ratio of D solute /D tracer was calculated at several

flow velocities using an empirical equation developed in

D = D0 + 	
	y(1+0.) (Lie dp Do ) -1 /3]	 97D0213(1+ko )2 	30rDo (l+ko ) E 5°)

where the terms account for molecular diffusion, eddy dif-

fusion, film resistance and intra-particle diffusion respec-

tively. The eddy diffusion term results from estimates by

van Deemter and others (1956) where w is an obstruction

factor (averaging 2.75), Y is an empirical parameter (0.6),›"N

is a spreading factor (1.0), and d p is the effective par-

ticle diameter. Film resistance parameter estimates are from

Pfeffer et al, (1964) where 0 i is intra-particle porosity

(0.46), (3 e is inter-particle porosity (0.4), k ) is a

porosity factor (1.15), and cl) is the pore volume accessible

to solute molecules (1.0). Intra-particle diffusion is based

on spherical diffusion where't" is tortuosity (0.66). The D 0

values used are as follows; sodium chloride: 1.545x10 -5

cm 2 /s (Weast et a1,1986), salicylic acid:5.12x1016 cm 2 /s

(Welty et a1,1969) and fulvic acid:1.41x10 -6 cm2 is (Cornel et

a1,1986).

Horvath and Lin (1976; 1978):
Xbrodp	 w 402 ei (V; 0 )5° 	ko WO 2



TABLE 5. Velocity/Dispersion Estimates fros CFITIM for
Experimental Columns (salt only)

COLUMN	 VELOCITY (cals) DISPERSION COEFF. (ce/s)

70

1:100 ALOX/SILICA:	 0.0078

0.0181

0.0354

0.0526

0.0177

0.0176

0.0186

0.0184

0.0156

0.0078

0.0068

0.0073

1:1000 ALOX/SILICA: 0.0253

0.0524

0.0976

0.0198

0.0397

0.0737

SOIL COLUMN:	 0.0199

0.0404

0.0752

0.0198

0.0197

0.0198

0.0031

0.0142

0.0431

0.0605

0.0624

0.0022

0.0046

0.0045

0.0040

0.0025

0.0038

0.0015

0.0086

0.0213

0.0415

0.0110

0.0242

0.0076

0.0069

0.0122

0.0279

0.0083

0.0092

0.0077



TABLE 6. Salicylic Acid Fits (Equilibrium Model)

Conditions	 Model Fit

EXP pH U e

 	 (cm/s) 

PULSE

P.V.   

PECLET DISP

(cm	 is) 

PULSE

P.V.

R SSQ

5 8.0 0.0177 11.4 3.74 t 0.34 0.095 10.9 2.79 t 0.14 0.090

6 7.0 0.0176 16.6 3.46 t 0.34 0.102 15.6 3.99 t 0.10 0.148

7 9.0 0.0186 13.0 5.32 t 0.81 0.070 13.0 2.00 t 0.06 0.100

8 9.0 0.0184 13.6 2.30 t 0.32 0.160 13.5 2.63 t 0.10 0.130
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TABLE 7. Fulvic Acid Fits (Equilibrium Model)

Conditions 	 Model Fit 
EXP	 pH	 Ue	 PULSE	 PECLET	 DISP PULSE	 R	 SS@

(ces),	 P.V.	 (ci/s)	 P.V.
(x10 -')	 ( x16 2 )

10 9.0 1.56 60.8 2.26	 t	 11 13.8 59.7 162 t 548 0.534

10 P 9.0 1.56 60.8 1.76 t 7.6 17.7 176 t 681 0.670

11 9.0 0.780 104 0.250 t 5.7 62.4 101 1599 t	 * 0.725

11	 P 9.0 0.780 104 0.070 t 5.8 222 4146 t	 * 1.404

12 8.4 0.680 150 37.9 t 2.1 0.359 28.3 757 t 4170 0.024

12 P 8.4 0.680 150 14.4 t 2.5 0.947 7957 t	 * 0.145

13 8.7 0.730 101 3.64 t 0.56 4.01 66.7 1793 t	 * 0.785

13 P 8.7 0.730 101 5.84 t 0.50 2.50 3203 t	 * 1.637

15 8.3 2.53 156 4.18t	 0.05 9.08 157 15.7 t 21.7 0.541

15 P 8.3 2.53 156 8,26 t 0.07 4.59 13.3 t 11.2 0,632

17 7.0 1.98 127 1.21t 0.06 22.9 126 190 t 672 0.547

17 P 7.0 1.98 127 1.15 t 0.05 24.1 167 t 676 0.667

18 9.0 1.97 105 2.13t 0.04 13.0 104 34.0 t 58.2 0.324

18 P 9.0 1.97 105 0.850 t 0.03 32.5 68.7 t 184 0.282

19 8.0 1.98 122 1.41t 0.05 19.7 123 92.4 t 326 0.313

19 P 8.0 1.98 122 8.26 ±0.06 3.35 19.1	 t	 13.1 0.356

P- SOLUTE PULSE FIXED 	 * - VALUE OUT OF RANGE
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The resulting ratios were then used to estimate D solute

for salicylic and fulvic acid from the conservative tracer

dispersion coefficients obtained from equilibrium model

fits. Setting the Peclet number at a reasonable value is

necessary in order to subsequently determine kinetic param-

eters from curve fitting. The last term in equation [50] was

dropped out when considering the soil system because it

represents dispersion due to spherical diffusion into intra-

aggregate pores which are assumed not to exist in the soil.

3.1 SALICYLIC ACID COLUMN EXPERIMENTS 

The salicylic-acid column experiments were modeled

using a mobile-immobile region model since the aluminum

oxide contains internal porosity and transport through these

pores is diffusion controlled. The results of experiments 1-

4 were disregarded due to technical difficulties in running

the experiments, which made the results suspect. Table 8

lists the transport parameters for the mobile-immobile model

fit for experiments 5-8. The entire data base with more

extensive model runs and combinations is presented in appen-

dix A. The 95 percent confidence intervals for the model

parameter values listed below are R ± 6.3 percent, B ± 12.8

percent and w ± 20.3 percent.

Experiment 5, run at pH 8, was fit with SSO = 0.127,

although it underestimates the observed desorption tailing

(Figure 22). This would suggest that the kinetic parameter

omega is in reality slightly smaller than the value estimat-
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Figure 22. Two-region model fit for experiment 5; R by area
2.94, U e =0.018 cm/s, C 0 =40 mg/L, pulse=11.4
P.V., pH 8.0, 1:100 alok:silica column.

Figure 23. Two-region model fit of experiment 6; R by area
3.88, U .=0.018 cm/s, C 0 =40 mg/L, pulse=16.6
P.V., pH 7.0, 1:100 alox:silica column.
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ed by CFITIM je. the mass transfer coefficient a e is smal-

ler (further from equilibrium). The Peclet number was set at

45.6 using equation [50 ] . The model estimate of R (2.85) is

slightly lower than the area estimate of 2.94.

Experiment 6,run at pH 7, was fit with an SSQ = 0.371

(Figure 23). The Peclet number was again set at 45.6. The

model fit underestimated desorption tailing, and therefore

the parameter estimates will be shifted slightly closer to

equilibrium than is truly the case. It follows that the

model R estimate (3.60) is smaller than the area estimate of

3.88.

Experiment 7, run at pH 9, was fit well with an SSQ =

0.015 (Figure 24 A). Tailing is less at this pH, and the

model gives a better fit. The model R estimate of 2.29

closely agrees with the area estimate of 2.26.

Experiment 8 was run at pH 9 but has a salicylic acid

concentration of 5 mg/L instead of the 40 mg/L used in the

above experiments. Again the fit was good with an SSQ= 0.048

(Figure 24 B). The R values showed good agreement with the

model estimating 2.83 and the area calculation 2.86.

The aluminum oxide particles are porous, with 88 per-

cent internal porosity, and the result is that a large por-

tion of the adsorption sites are located in these pores.

Since there is no advective transport in the internal pores,

transport of solute molecules to internal sorption sites is

limited by molecular diffusion. So the system could appear
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Figure 24A. Two-region model fit of experiment 7; R by area
2.22, U ,=0.018 cm/s, C 0 =40 mg/L, pulse= 13.0
P.V., pH 9.0, 1:100 aloR:silica column.

Figure 24B. Two-region model fit of experiment 8; R by area
2.19, U e =0.018 cm/s, C 0 =5 mg/L, pulse=13.6
P.V., pH 9.0, 1:100 alox:silica column.



TABLE 8. Transport Parameters For Salicylic Acid Column Experiments
(mobile-immobile model)

Mobile-Immobile Model
EXPT	 U	 D	 K	 D	 K	 K	 fe	 NaC1	 P	 p	 b

(cils) (co2/s) (cm3 /g) (cm 2/sl ( m 3/g) ( 1

(x1 63  ) (AREA)(x1 3	

)

(x10- ( x10-4 ) 	
5 0.018 2.40 50.5 7.80 48.6 2.87 0.426 0.127

6 0.018 2.20 74.9 7.70 68.3 5.40 0.239 0.371

7 0.019 4.60 32.7 8.10 33.9 1.69 0.605 0.015

8 0.018 4.50 48.3 8.10 48.1 2.10 0.441 0.046
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to have two distinctly different sets of sorption sites.

They are not kinetically different, but free transport to

one set is limited by the rate of molecular diffusion. So a

model considering two regions, one where sites are fast (le

equilibrium), and one where sites are slow (le diffusion

controlled) is conceptually appealing.

One trend observed is that the SSQ values of the model

fits increase with decreasing pH. This is mostly due to the

increasing sorption extent producing greater tailing during

desorption. The curve-fitting routine fails to adequately

capture desorption tailing as it becomes more pronounced.

This can be quantitatively observed by comparing SSQ values.

At pH 7 an SSQ = 0.371 was obtained. At pH 8 the SSQ was

equal to 0.127, and finally at pH 9 the SSQ drops to an

average of about 0.030.

The partition coefficient increases as the pH decreas-

es. This is expected due to electrostatic effects, i.e. the

surface becomes more positively charged and the fulvic acid

more negatively charged. At pH 7 the K p =72.2 cd/g, at pH

8 it drops to 51.3 cm 3 /g, and at pH 9 the K. averages 41.0

cm 3 /g.

The estimated parameter f, fraction of sites in the

mobile region, is 23-60 percent. The lower pH experiment

gave the lower f value. Conceptually, the value of f should

not be a function of pH, but the change is an artifact of

the model fit.
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In this model, w is directly proportional to the mass

transfer coefficient a	 and is a measure of how near it isef

to being an equilibrium system. An omega greater than 100 is

characteristic of equilibrium conditions. All of these

experiments are far from equilibrium, indicating transfer is

too slow for equilibrium to be achieved over the time scale

of the measurements.

-	 -	 -1Values of	 range from 1.6x104 to 5.4x10 4 s . This

corresponds to a time scale of 0.9-1.6 hours.

3.2 FULVIC ACID/ALUMINUM OXIDE EXPTS 

The fulvic acid/aluminum oxide experiments were modeled

using a two-site model instead of the two-region model used

for salicylic acid. The size of the fulvic acid molecule

excludes it from most of the 4-nm internal pores. The multi-

ple carboxylic functional groups on fulvic acid can exhibit

multiple binding to the aluminum oxide surface, so two

kinetically different sites can exist in this system. For

model fits, the Peclet number was set using equation [50] to

calculate the ratio of conservative tracer dispersion to

fulvic acid dispersion.

Experiments 10 and 11 were conducted at the same pH,

but experiment 10 was run at twice the flow rate, providing

an opportunity to evaluate the effect of flow rate on trans-

port parameters. Experiment 15 was run in a smaller column

with 1/10th the aluminum oxide solids concentration. Unfort-

unately it was run at pH 8.3, instead of pH 8.4 at which
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experiment 12 was run. But by comparing these two experi-

ments, some qualitative observations can be made as to the

effect of reactive solids concentration on transport parame-

ter estimates. Table 9 shows the results of the two site

model fits for each fulvic acid/aluminum oxide experiment. A

more complete set of model run results is included as Appen-

dix I. The 95 percent confidence intervals for the parameter

values listed below are: R ± 25.4 percent,	 ± 28.3 percent

and w ± 11.5 percent.

The fit to experiment 10, run at pH 9.0, (SSQ = 0.138)

overestimated the tailing during desorption, and produced a

K	 estimate of 1650 cm 3/
g (Figure 25). Peclet number was

set at 14.0. The time scale of desorption, calculated from

kb' was estimated to be 37.17 hours. This desorption esti-

mate is probably too high due to the model overestimate of

tailing.

Experiment 11, also run at pH 9.0, had a 50 percent

slower flow rate. The model fit the tailing well but under-

estimated the height of the sorption limb (Figure 26). The

Peclet number was set at 10.4. The partition coefficient was

estimated at 1,180 cm 3 1g, lower than the previous experi-

ment. The time scale of desorption was estimated to be 46.53

hours.

Experiment 12, run at pH 8.4 was fitted very well with

an SSQ=0.005 (Figure 27). A C/C 0 of only 0.15 was achieved

after 150 pore volumes. P was set at 10.4. The K p derived
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Figure 25. Two-site model fit of experiment 10; U e =0.016
cm/s, C 0 =4 mg/L, pulse=60.8 P.V., pH 9.0, 1:100
alox:silica column.
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Figure 26. Two-site model fit of experiment 11; U 0 =0.008
cm/s, C 0. =4 mg/L, pulse=103.5 P.V., pH -9.0, 1:100
alox:silica column.
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oe	 Fitted Data w/ P set at 10.4
00000 TUIVie acid Observed

qe
d

Figure 27. Two-site model fit of experiment 12; U ,=0.007
cm/s, C 0 =4 mg/L, pulse=150.0 P.V., pH $.4, 1:100
alox:silica column.

Pore Volumes

Figure 28. Two-site model fit of experiment 13; U ,=0.007
cm/s, C 0 =4 mg/L, pulse=100.6 P.V., pH $ •7, 1:100
alox:silica column.
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from this fit is 63,700 cm 3 /g, which seems very high in

relation to the other experiments. 8 is estimated at 0.0,

indicating no equilibrium sites in the system at this pH.

The w value for this experiment is relatively high (1.33),

indicating it is closer to equilibrium conditions than the

other experiments. The time scale of desorption was estimat-

ed from k	 at 30,600 hours.

In experiment 13, run at pH 8.7, C/C 0 reaches 0.45

after 100 pore volumes (Figure 28). P was set at 10.4. The

fit is fairly good with an SSQ=0.039, The K p is estimated

at 11,800 cm 3 /g, B is very low at 0.004, and w is slightly

above the other experiments at 1.34. The desorption time

scale is estimated to be 256 hours.

Experiment 15, conducted in a smaller glass column, had

a silica:aluminum oxide ratio or 999:1 instead of the 100:1

used earlier. A C/C 0 of 1.0 was observed after 150 pore

volumes and the model fit was good with an SSQ=0.156 (Figure

29). Peclet number was set at 5.53. The K	 value dropped to

3,230 cm 3 /g after normalizing for aluminum oxide concentra-

tion, suggesting the value obtained from experiment 12 was

overestimated due to incomplete breakthrough information.

The 8 estimate of 0.070 is comparable to the other experi-

ments, as is the w estimate of 0.164. The time scale of

desorption was 15.59 hours.

Experiments 10 and 11 were conducted at the same pH,
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Pore Volumes

Fitted Data wi P set at 9.8
wow Iru/Tic Acid Observed

Figure 29. Two-site model fit of experiment 15; U ,=0.025
cm/s, C 0 =4 mg/L, pulse=156.2 P.V., pH 19.0, R by
area 16.44, 1:1000 alox:silica column.

Figure 30. Two-site model fit of experiment 17; U ,=0.02
cm/s, C A =4 mg/L, pulse=126.8 P.V., pH 7.0, R
by area 31.27, soil column.



TABLE 9. Transport Parameters For Fulvic Acid/Aluminum Oxide Column
Experiments (two-site model)
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Two-Site Model
EXPT	 Ue	 D NaC1	 Kp	 D	 K 	k b 	F 	SSO

(cols ) (ci/s) (cm3 4)(cds)(ce	 (s-1)

- -3 	2	  (x10  ) 	(AREA) (x10 ) (xlu )

-610	 0.016	 4.00	 N/C	 2.23	 1.65 	7.47x1 6 	0.138

-611	 0.008	 2.50	 N/C	 1.51	 1.18 	5.97x1 6 	0.735

12	 0.007	 3.80	 NIC	 1.31	 63.7	 9.08x16 3	0.000	 0.005

-613	 0.007	 1.50	 N/C	 1.41	 11.8	 1.08x10	 0.004	 0.039

_r
15	 0.025	 9.50	 3080	 6.63	 3.23	 1.78x10 J	0.070	 0.156

N/C- Not calculated
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but number 10 was run at twice the flow rate. The dispersion

coefficients were set at 0.0223 cm 2 /s and 0.0151 cm 2 /s

respectively to account for the velocity differences. The K.

is higher for experiment 10, 1650 cm /g, than it is for

experiment 11, 1180 cm "/g. This is most likely due to the

peculiarities of the model fits. Experiment 10 had a model

fit that overestimated desorption tailing, resulting in a

significantly higher Kp estimate. All experiments had to be

modeled with the same number of parameters to produce com-

parable results, so retardation factor was not set at a

smaller value in experiment 10 to adjust the fit. Finally

the w estimate is slightly higher for experiment 11 than it

is for experiment 10. This may be because as residence time

in the column is increased by a slower flow rate, the ratio

of residence time to reaction time, which defines w, is also

increased. This assumes that the same fundamental surface

reaction occurs at both flow rates. The desorption time

scale for experiments 10 and 11 are 37 hours and 46 hours

respectively. This can be explained by comparing Figures 25

and 26. The experiment 10 model fit drops to a C/C 0 of 0.2

before tailing begins, while the experiment 11 fit starts

tailing at a C/C 0 of 0.4. The model interprets this as a

faster desorption rate for experiment 10. This estimate

seems to hold for the observed data as well since experiment

10 drops to a C/C 0 of 0.0 by 110 pore volumes and the

experiment 11 data tails out past 250 pore volumes. This may
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be due to the faster flow rate in experiment 10 flushing the

column out more efficiently.

Experiments 11 through 13 had only one differing condi-

tion, pH. The dispersion coefficients were set at 0.014 as

noted above. The partition coefficients show a very definite

trend with pH, as with the salicylic acid system. At pH 9.0,

the model estimate of K	 is 1,170 cd/g, at pH 8.7 it is

11,800 cm 3 /g, and by pH 8.4 it is 63,000 cd/g. The es-

timates of f at pH 8.4, 8.7, and 9.0 are all near zero.

3.3 FULVIC ACID/SOIL EXPERIMENTS 

The soil f	 was analyzed to be 0.009 percent byoc

Desert Analytics of Tucson. The sample was retrieved from a

fresh column after several days of flushing with buffer to

remove all mobile fines. This gave an f oc value that is

representative of the conditions in the column during the

experiments. Experiment 16 was complicated by facilitated

transport of the fulvic acid on clay particles. This result-

ed in significant noise in the results, and the experiment

will be evaluated separately. The noise did not seriously

affect the data until the signal-to-noise ratio dropped

below a critical level during late desorption. Table 10

lists the results of modeling the soil experiments with the

two site model. The 95 percent confidence intervals for the

model parameter values mentioned below are: R ± 30 percent,

± 27 percent and w ± 16 percent.
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The soil-column experiment run at pH 7.0, number 17,

was modeled by setting the Peclet number at 9.76. The SSQ

obtained was relatively large at 0.245. This fit tended to

underestimate the sorption limb and overestimate C/C 0 on

desorption (Figure 30). A K p of 23.0 cm 3/g was estimated

by model fit and a K p of 7.05 by the area method. The area

estimate is probably more accurate as the model fit overes-

timates tailing desorption, and therefore overestimates

retardation. The fitted data indicate a very small quantity

of equilibrium sites in the system, about 0.2 percent. The

time scale of desorption was estimated at 46.26 hours.

Experiment 18, run at pH 9.0, was fitted with an SSQ=

0.182 (Figure 31). A K p of 3.8 cd/g was estimated by the

model and 2.7 cm 3 /g by area calculation. The B estimate

indicates no equilibrium sorption sites in the soil system.

The desorption time scale was estimated at 15 hours.

Experiment 19, run at pH 8.0, was fitted with SSQ=.079

(Figure 32). The K p values closely agree with an estimate

of 3.34 cm 3 /g from the model, and 3.33 cm3 /g by area

calculation. The estimate of	 indicates 1.2 percent equi-

librium sites in the system. Time scale of desorption was

estimated at 8.2 hours.

Experiment 16 was an anomaly of sorts because the

fulvic acid was removed from the column by facilitated

transport on clay particles. The breakthrough curve (Figure

33) shows unpredictable variability as clays were forced out
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•
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00000 rubric Acid Observed
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Figure 31 • Two-site model fit for experiment 18; U e =0.02
cm/s, C n =4 mg/L, pulse=104.5 P.V., pH 9.0, R by
area 12;37, soil column.

Pore Volumes

Figure 32 Two-site model fit for experiment 19; U
cm/s, C n =4 mg/L, pulse=122.4 P.V., pH 8-.0, R by
area 15.30, soil column.



0	 Fitted Data	 P set at 9.8
00000 !Ulric Acid Oboorrod

Figure 33. Two-site model fit for experiment 16; U e =0.02
cm/s, C 0 =4 mg/L, pulse=128.2 P.V., pH 8.0, R by
area 7.16, soil column.

90
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of the column under high pressure and then built up against

the inside of the frit at the downstreàm end of the column.

There is an unexplained dip in effluent concentration short-

ly before desorption, and this might be due to a lack of

available clay particles to carry out the fulvic acid at

that point in the experiment. The desorption limb does not

look greatly altered, but all of the mobile clays may have

been flushed out by that time. The effect this had on the

transport parameters was evaluated by comparing the results

of this experiment with those of experiment 19, also run at

pH 8.0. The dispersion coefficient was set at 0.0278 cm 2 /s

for both experiments. The partition coefficient was estimat-

ed at 1.31 by the model and 1.43 by area calculation, com-

pared with about 3.34 for experiment 19. This lower estimate

is due to fulvic acid being carried out of the column on

soil particles inhibiting their interaction with the sur-

face. The soil particles may have absorbed UV light and

given an erroneously high C/C 0 value as well. The model

predicted 2.8 percent equilibrium sites, slightly larger

than the other soil experiments. The desorption time scale

estimate of 6.2 hours compares with the estimate of 8.2

hours for experiment 19.

The two-site model was fairly effective at fitting the

soil column experiments, and was conceptually appealing

because of the variety of surface sites present in the soil.

The main mineral constituents of this soil were plagioclase,



TABLE 10. Transport Parameters From The Fulvic Acid/Soil Experiments
(two site model)

Two-Site Model
EXPT	 11e	 DNaC1	 KP	 D	 K P	 bk	 F	 SSG

(cils) (cm2 /s) (cm3/g)(cs 2/s) (m	 g) (s-1 )

(x153 )	 (AREA) (x10-2 ) 

16 0.019 6.70 1.43 2.79 6.61 4.48x10-5 0.028 0.238

17 0.019 8.30 7.05 2.78 23.0 6.01x10-6 0.002 0.245

18 0.019 9.20 2.65 2.77 3.84 1.80x10-5 0.000 0.182

19 0.019 7.70 3.33 2.78 3.34 3.39x10-5 0.012 0.079

92
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quartz and orthoclase, all rich in aluminum and silica. But

also present were muscovite, hornblende and clay minerals.

Muscovite is composed mainly of aluminum and silica, but can

also show minor substitution with iron and magnesium. This

is especially true in intensely metamorphosed terrains such

as the Rincon and Santa Catalina mountains, the source areas

for these sediments. Hornblende is an aluminosilicate as

well, but is also rich in iron and magnesium. Both of these

metals are capable of forming metal-oxide surface sites at

the exterior of crystal lattices. Clay minerals, with their

associated organic matter, are generally the most important

sorbents in natural systems. Isomorphous substitution be-

tween silica and aluminum occurs in the silica tetrahedra of

clays, and brucite layers contain magnesium ions. Both of

these phases can provide mineral sorption sites in addition

to any bulk hydrophobic organic phase present, which is

probably minimal due to the low f u value of this soil.

A pH dependency on partition coefficient was again

apparent in these soil experiments, but it was much more

pronounced between pH 7 and 8, than it was between pH 8 and

9. Using the model data estimates, K p was 23.0 cm 3/g at pH

7, 3.3 cm 3 /g at pH 8, and at pH 9 it was 3.8 cm3 /g. The

difference between the values at pH 8 and pH 9 is probably

not statistically significant. The area calculations of K p

at pH 7, 8 and 9 are 7.1 cm 3 /g, 3.3 cm 3 /g and 2.7 cm 3 /g

respectively, showing the same trend observed in the alumi-
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num oxide system.

The estimate of fraction equilibrium sites at pH 7, 8

and 9 are 0.002, 0.012 and 0.0 respectively. You would

expect more equilibrium sites existing as pH rises and

surpasses the isoelectric point of the aluminum oxide (pH

8.7). But the differences between the estimates is so small

they do not define a significant trend.

The desorption time scales show the slowest desorption

at pH 7 as expected, 46 hours, but the pH 9 desorption was

slower than pH 8, 15 hours and 8.2 hours respectively. This

may reflect the fact that the desorption data was noisy.

4. COMPARISON OF SOIL SYSTEM WITH ALOX SYSTEM 

The partition coefficient of fulvic acid estimated from

the soil column was much lower than that estimated for the

aluminum-oxide system. The range of values for the soil

column were from 3.4-23 cm 3 /g over a pH range of 2 units

(7.0-9.0). For the aluminum oxide the range was from 1180

cm 3 /g to greater than 63,000 cm `1/g over a pH range of

only 0.6 units (8.4-9.0). This great difference in sorption

extent can be attributed to the vast difference in surface

area between the two types of particles. The aluminum-oxide

particles contain 316.7 m 2 /g, and therefore have many more

exposed surface sites than a solid mineral grain. This

greater site density increases the capacity of the surface

to multiple bond with the fulvic acid molecules, and may

lead to higher K p estimates for the aluminum oxide surface.
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The K p 's estimated for the salicylic acid/aluminum

oxide system are much lower than those for the fulvic acid

on the same surface. They ranged from 33.9-68.3 cm 3 /g, and

this is due to the weaker interaction between salicylic acid

and the aluminum oxide surface.

Both the aluminum oxide and natural soil surfaces had

low estimates of fraction equilibrium sites (<6 percent).

But at the same time, the two site model did a much better

job of fitting the observed experimental data. This is

because the additional parameter 6 in the two-site model

leads to lower SSQ values. The salicylic acid system produc-

ed estimates of 23-47 percent of the surface sites in the

mobile region. This indicates that the adsorption reaction

between the salicylic acid and the aluminum oxide surface is

faster than that for fulvic acid.

The desorption time scales estimated for both the

fulvic acid/aluminum oxide and fulvic acid/soil systems

agreed quite closely. The soil system had values ranging

between 8.2 hours and 46 hours. The aluminum oxide values

had a larger range from 15 hours to 30,000 hours, but that

is deceiving because if you exclude pH 8.4 the range drops

to 15 hours to 250 hours. The larger values obtained for the

aluminum oxide surface are due to the stronger sorption

affinity the fulvic acid exhibited for the aluminum oxide

system. The salicylic acid exhibited a desorption time scale

much smaller than the fulvic acid. These values ranged from



0.5 hours to 1.7 hours, and are indicative of the lower

sorption affinity salicylic acid has for aluminum oxide.
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CHAPTER VI 

CONCLUSIONS 

1. BATCH VS COLUMN EXPERIMENT PARTITION COEFFICIENTS 

The use of batch experiments to gain insight into the

sorption behavior of compounds is a useful tool in the

laboratory, but fails to provide quantitative estimates of

the behavior of these same compounds in aquifer environ-

ments. The batch experiments conducted in this research

estimated partition coefficient values that were five to

twenty times greater than those obtained from column experi-

ments. At pH 7.0 and 8000 mg/L aluminum oxide concentration

3a K	 of 1390 cm /g was obtained using a Langmuir isotherm.

In an aluminum oxide column at the same pH the figure was

3closer to 68 cm /g. The same was true at pH 8.0 where the

3batch experiments predicted a K p of 234 cm /g and the

column experiment about 48 cm 1g. This difference can be

mostly attributed to two factors. The greater contact time

encountered in a batch flask, and the soil to water ratio.

The sorbate had a full week to interact with the sorbent in

the batch flask, and less than 20 minutes to interact in the

column before it was eluted. Column experiments are not

perfect models of an aquifer setting, but the soil to water

ratio more closely approximates true environmental condi-

tions. Biodegradation and oxidative effects are still lack-

ing in most column experiments, and this induces doubt on

the validity of the results in field situations. But as a
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first estimate of the transport of compounds during flow

through porous media it is a useful tool.

2. IMPLICATIONS FOR GROUNDWATER RECHARGE 

The results obtained in this research using low-f oc

desert soils suggest that simple recharge of water contain-

ing fulvic acid will not sufficiently remove the THM (tri-

halomethane) precursors. Partition coefficients obtained at

pH 8.0, a reasonable pH value for CAP recharge water, were

all below 20. This value is not high enough to retard even a

small portion of the fulvic acids during recharge. Examine

Figure 18, it is apparent that for water with a pH of 8.0 or

more, almost 90 percent of the fulvic acid is passing thr-

ough the soil after 50 pore volumes have been eluted, and 75

percent is passing through after only 2 pore volumes. This

suggests that the soil in a given reach of stream would have

a very limited capacity to remove fulvic materials. Further,

the sorption limb of the breakthrough curve rises very

quickly indicating that slow kinetics would prevent these

soils from removing much of the fulvic acid in the applied

recharge water.

Fulvic acid and other THM precursors are not the only

danger inherent with recharge of untreated CAP water. It has

been observed that trace metals and hydrophobic contaminants

such as pesticides readily associate with humic substances

(Carter and Suffet, 1982). There is sufficient evidence to

suggest that not only is there a risk of contamination of
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existing groundwater with THM precursors, but by trace

metals and pesticides as well.

The soil desorption results of this research indicate

that previously retarded fulvic acid could subsequently be

flushed down to the water table by natural recharge of

precipitation. It appears that a small fraction of the

sorbed component resists desorption, but a significant

amount does readily desorb when surrounding aqueous con-

centrations of fulvic acid are reduced.

An analytical solution to the equilibrium model was

used to predict the retardation of fulvic acid for a given

volume of recharge at several pH's (Figure 34). The FORTRAN

code used for these calculations is included in Appendix C.

The dispersion coefficient was set at 0.028 cm 2 /s as it was

in the soil column experiments. The velocity was assumed to

0.01 cm/s, a reasonable value for recharge through gravelly

sand, C 0 was 4 mg/L, and R was determined from the sorption

limb of the soil-column breakthrough curves. Figure 34 shows

that for 100 m of recharge, the pH 7 solute front will be

located at a depth of approximately 4 m, at pH 8 it will

exist at 7.5 m, and at pH 9 the front will be at a depth of

9 m. This movement will be augmented by natural recharge of

precipitation, and eventually the fulvic acids will encount-

er, and mix with, local drinking water supplies.

Natural biodegradation is an issue not addressed here,

but the rate would have to be fast to result in a large



Figure 34. Calculated retardation of fulvic acid under
equilibrium conditions assuming; C 0 =4 mg/L„
100 m of recharge, U .=0.01 cm/s, D=0.028 cm /s,
and R as follows; pH "7: 31.3, pH 8: 15.3, pH 9:
12.4.

100
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deviation from the results of this research. The fulvic acid

concentrations, flow rates, and pH values used in these

experiments were all chosen to simulate the conditions that

would exist during CAP recharge. Therefore the results

obtained should be quite relevant to the environmental

behavior which would be observed in a field application of

this sort of recharge program.

3. RECOMMENDATIONS 

After conducting this set of column experiments there

are a number of improvements in the apparatus and experimen-

tal design that could be made. To start with, a much smaller

quantity of aluminum oxide should be used so that complete

breakthrough curves can be obtained. This would allow in-

dependent estimates of retardation factor to be calculated,

better checks on mass balance, and an estimate of the frac-

tion of irreversible sorption, if any. This would also bring

the length of the experimental runs down to a point where

drifting instrument baseline, pH fluctuation, and polymeriz-

ation of the solute was less of a problem. This reduction in

aluminum oxide mass could be achieved by either using a

smaller column, or a smaller ratio of aluminum oxide to

silica. But as the silica surface becomes more dominant in

the system, especially at neutral or lower pH's, a more com-

plete characterization of the silica surface would be neces-

sary. It appears that some sorption does occur on the silica

surface and this needs to be quantified before the extent of
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adsorption due solely to the aluminum oxide can be deter-

mined. The use of a smaller column may introduce difficul-

ties with wall effects. The diameter of the column should be

at least 50 times the particle diameter to be sure that wall

effects are negligible. This may facilitate using a smaller

aluminum oxide and silica particle.

The feed and detection systems worked quite well with a

few exceptions. A separate flow system which bypasses the

column and feeds input solution directly through the detec-

tor would be helpful, but it would have to be driven by a

high performance pump calibrated exactly to the flow rate

through the column. This is because the UV absorbance read-

ings appear to be sensitive to small changes in flow rate.

Theoretically this should not be the case but it may be a

quirk in the instrumentation. One other improvement would be

to reduce the electrical noise in the UV spectrophotometer.

Small noise spikes from an unknown source which appeared

electrical were scattered through the data. It did not

effect data collection because they were obvious and could

be ignored. Surge protection did not reduce the noise so

greater effort may be required to eliminate them. Baseline

shifts also occurred periodically in the detector, but they

could be corrected for by intermittently measuring the input

concentration and comparing these measurements. Never did

more than one shift occur during the course of an experi-

ment.



APPENDIX A

MODEL FITS TO COLUMN DATA
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pH 7.0, ALOI 800 sg/L
DAY 1:

CONC(sg/L)
6.28

24.19
47.88
96.92

183.40

SORB(pg/g)
853.60

2,897.50
4,275.30
9,264.50

17,574.00

I/C
1.592e-1
4.134e-2
2.089e-2
1.032e-2
5.453e-3

1/S
1.172e-3
3.451e-4
2.339e-4
1.079e-4
5.690e-5

LOG C
.798

1.384
1.680
1.986
2.263

LOG S
2.931
3.462
3.631
3.967
4.245

Kp
135.92
119.78
89.29
95.59
95.82

107.28 +	 19.8
DAY 3:

CONC(sg/L) SOR8(pg/g) 1/C 1/S LOG C LOS S Kp
5.30 1,913.60 1.887e-1 5.226e-4 .724 3.282 361.06

22.10 5,080.80 4.525e-2 1.968e-4 1.344 3.706 229.90
45.84 6,484.80 2.182e-2 1 .542e-4 1.661 3.812 141.47
93.26 13,233.80 1.072e-2 7.556e-5 1.970 4.122 141.90

179.13 22,196.50 5.583e-3 4.505e-5 2.253 4.346 123.91
199.65 +	 99.2

DAY 7:
CONC(mg/L) SORB(pg/g) I/C 1/S LOG C LOG S Kp

3.19 4,028.40 3.135e-1 2.482e-4 .504 3.605 1,262.82
16.13 10,853.90 6.200e-2 9.213e-5 1.208 4.036 672.90
38.90 13,403.40 2.571e-2 7.461e-5 1.590 4.127 344.56
79.80 26,668.80 1.253e-2 3.750e-5 1.902 4.426 334.20

160.60 40,711.90 6.227e-3 2.456e-5 2.206 4.610 253.50
573.60 +	 417.
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pH 7.0, ALOI 8000 eg/L
DAY I:

CONC(eg/L)
4.41
17.23
38.31
76.57
149.20

SORB(pg/g)
280.40

1,078.40
1,662.40
3,157.10
5,200.00

I/C
2.268e-1
5.804e-2
2.610e-2
1 .306e-2
6.702e-3

I/S
3.566e-3
9.273e-4
6.015e-4
3. 1 67e-4
1.923e-4

LOG C
.644

1.236
1.583
1.884
2.174

LOG S
2.449
3.033
3.221
3.499
3.716

Kp
63.58
62.59
43.39
41.23
34.85
49.13 +	 13.1

DAY 3:
CONC(eg/L) SORB(pg/g) I/C 1/S LOG C LOG S Kp

3.02 430.70 3.311e-1 2.322e-3 .480 2.634 142.62
10.76 1,779.80 9.294e-2 5.619e-4 1.032 3.250 165.41
30.17 2,544.10 3.315e-2 3.93 1 e-4 1.480 3.406 84.33
66.39 4,259.50 1 .506e-2 2.348e-4 1.822 3.629 64.16
130.50 7,226.20 7.663e-3 1.384e-4 2.116 3.859 55.37

102.38 +	 48.9
DAY 7:

CONC(eg/L) SORB(pg/g) 1/C 1/5 LOG C LOS S Kp
.54 678.70 1.8519e0 1.473e-3 -.268 2.832 1,256.85

3.55 2,500.70 2.817e-1 3.999e-4 .550 3.398 704.42
13.48 4,212.70 7.418e-2 2.374e-4 1.130 3.625 312.51
41.57 6,741.80 2.406e-2 1.483e-4 1.619 3.829 162.18
97.33 10,543.60 1.027e-2 9.484e-5 1.988 4.023 108.33

508.86 +	 478.
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pH 8.0: ALOX 800 •g/L
DAY 1:

CONC(mg/L)
5.99

21.38
44.00
102.80
178.50

SORB(pg/g)
847.60

5,310.55
8,541.22
6,882.70
15,198.60

1/C
1.669e-1
4.677e-2
2.273e-2
9.728e-3
5.602e-3

1/S
1 .180e-3
1.883e-4
1.171e-4
1.453e-4
6.580e-5

LOG C
.777

1.330
1.643
2.012
2.252

LOG s
2.928
3.725
3.932
3.838
4.182

Kp
141.50
248.39
194.12
66.95
85.15
147.22 +	 75.4

DAY 3:
CONC(eg/L) SORB(pg/g) I/C 1/ 5 LOG C LOG S Kp

5.63 1,240.65 1.776e-1 8.060e-4 .751 3.094 220.36
20.93 5,797.61 4.778e-2 1.725e-4 1.321 3.763 277.00
40.96 11,838.40 2.441e-2 8.447e-5 1.612 4.073 289.02
92.85 17,662.90 1.077e-2 5.662e-5 1.968 4.247 190.23
165.70 29,063.02 6.035e-3 3.441e-5 2.219 4.463 175.40

230.40 +	 50.8
DAY 7:

CONC(mg/L) SOR8(pg/g) 1/C 1/5 LOG C LOG S Kp
5.55 1,324.65 1.802e-1 7.549e-4 .744 3.122 238.68

20.80 5,878.61 4.808e-2 1.701e-4 1.318 3.769 282.63
42.30 11,838.40 2.364e-2 8.447e-5 1.626 4.073 279.87
80.80 29,662.90 1 .238e-2 3.371e-5 1.907 4.472 367.12
150.40 44,323.02 6.649e-3 2.256e-5 2.177 4.647 294.70

292.60 +	 46.7
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pH 8.0, ALOX 8000 ag/L
DAY 1:

CONC(IT/L)
4.04

17.67
33.63
76.98

139.65

SORB()Jg/g)
294.01
954.98

1,970.45
3,656.80
6,837.83

I/C
2.475e-1
5.659e-2
2.974e-2
1.299e-2
7.161e-3

1/S
3.401e-3
1 .047e-3
5.075e-4
2.735e-4
1.462e-4

LOG C
.606

1.247
1.527
1.886
2.145

LOG S
2.468
2.980
3.295
3.563
3.835

Kp
72.77
54.05
58.59
47.50
48.96
56.37 + 10.16

DAY 3:
CONC(sg/L) SOREpg/g) 1/C 1/S LOG C LOG S Kp

3.67 333.71 2.725e-1 2.997e-3 .565 2.523 90.93
14.46 1,302.83 6.916e-2 7.676e-4 1.160 3.115 90.10
33.02 2,036.54 3.028e-2 4.910e-4 1.519 3.309 61.68
72.70 4,120.20 1 .376e-2 2.427e-4 1.862 3.615 56.67

134.57 7,388.16 7.431e-3 1.354e-4 2.129 3.869 54.90
70.86 +	 18.1

DAY 7:
CONC(sg/L) SORB(jig/g) 1/C I/S LOG C LOG S Kp

1.88 512.71 5.319e-1 1.950e-3 .274 2.710 272.72
8.96 1,852.37 1.116e-1 5.398e-4 .952 3.268 206.74

22.85 3,054.05 4.376e-2 3.274e-4 1.359 3.485 133.66
48.89 6,500.90 2.045e-2 1.538e-4 1.689 3.813 132.97

111.37 9,708.41 8.979e-3 1.030e-4 2.047 3.987 87.17
166.65 ±	 73.1
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PROGRAM DEPTH

DIMENSION LABEL(12),PAR(12),T(6),C(6)
CHARACTER FNAME*20

C	 INPUT ROUTINE
WRITE(*.9)'DEPTH PROFILE FOR FULVIC ACID IN SOIL'
WRITE(*.10)' INFILE
READ(*,10)FNAME
OPEN(5,FILE=FNAME,STATUS='OLD')
WRITE(*.10)' OUTFILE
READ(*,10)FNAME
OPEN(6,FILE=FNAME,STATUS='NEW')

9	 FORMAT(A40)
10	 FORMAT(A20)

READ(5,11) (LABEL(I),PAR(I),I=1,5)
11	 FORMAT(5(A6,F7.3))

D= PAR(1)
TMAX=PAR(2)
DK= PAR(3)
CO= PAR(4)
V = PAR(5)
R = 1 + DK

• F.A. CONC AT DEPTH x, TIME t,
DK	 DISTRIBUTION COEFFICIENT, dimensionless
CO	 INPUT F.A. CONC, mg/L
D DISPERSION COEFFICIENT, cm2/s
✓ VELOCITY OF FLOW, cm/s
ITM LONGEST TIME FOR CALCULATION, days (converted to

sec)
• RETARDATION FACTOR = 1 + DK
X	 DEPTH UP TO 20 m

C CALCULATION LOOP
DO 8 1=1,20
X=REAL(I)*100

C TIME LOOP
DO 7 IT=1,5
TI=REAL(IT)/5
T(IT)=TI*TMAX*86400

UA=2*(D*R*T(IT))**0.5

C FIRST TERM
U=(R*X-V*T(IT))/UA
CALL ERFCSUB(U,ERFC)
CT=ERFC

C SECOND TERM
IF((V*X/D).GT.65.)G0 TO 7



U=(R*X+V*T(IT))/UA
CALL ERFCSUB(U,ERFC)
EI=EXP(V*X/D)
CT=CT+0.5*ERFC*EI

7	 C(IT)=CO*CT/2

WRITE(6,14) X,(C(IT), IT=1,5)
8	 WRITE(*.14) X,(C(IT), IT=1,5)
14	 FORMAT(2X,1P6E10.2)

C WRITE TIMES
DO 5 IT=1,5
TI=REAL(IT)/5.

5	 T(IT)=TI*TMAX
WRITE(6,19) (T(IT),IT=1,5)

19	 FORMAT(12X,5F10.1)

C WRITE PARAMETERS
WRITE(6,11) (LABEL(I),PAR(I),I=1,5)
END

SUBROUTINE ERFCSUB(UE,ERFC)
US=1
IF(UE.GE.0)G0 TO 21
US=-1
UE=-UE

21	 IF(UE.LE.3)G0 TO 22
ERFC=0
GO TO 23

22	 EU=EXP(-UE**2)
UT=1/(1+.47047*UE)
U1=UT*.34802
U2=UT**2*0.09588
U3=UT**3*0.74786
ERFC=(U1-U2+U3)*EU

23	 IF(US.EQ.1)RETURN
ERFC=2-ERFC
RETURN
END
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