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Abstract

The purpose of this study was to explore the transport of selected pharmaceuticals under
saturated and unsaturated conditions, simulating environmental processes of
evaporation and flooding. Caffeine (a stimulant), propranolol (a beta blocker), and
ciprofloxacin (an antibiotic), were used in multiple sand column experiments that
examined sorption behavior under two conditions: 1) standard, completely saturated
sand column experiments, and 2) saturated sand column experiments where
intermediate steps of partial drainage and complete pore water evaporation were
introduced before the final flushing stage. The experimental flushing-out breakthrough
curves, or elution curves, were compared to simulated elution curves. The model
employed in this study was developed using a one-dimensional transport equation
accounting for advection, adsorption, and dispersion. Differences between the
experimental and simulated curves were attributed to the effects of rate-limited
dissolution. Results suggest that dissolution hinders the removal of each
pharmaceutical during flushing. The effect of dissolution is explored as it relates to the
retention of mass in the column. Findings suggest that dissolution affects the transport
of a compound based on the relationship between the concentration and solubility
values: a ratio of C, /S close to 1 shows little dissolution effect, whereas C, /S ratios

much less than 1 show greater dissolution effect.
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Chapter 1. Introduction

As emerging organic contaminants, pharmaceutical compounds play an
increasingly important role in contamination of the environment. These compounds are
present in waste produced by humans, animals, hospitals, and industrial effluents, and
can enter the environment via landfill leachate, leaks in sewage and wastewater
systems, surface runoff, and illegal dumping.'? Even treated wastewater effluent,
though compliant with regulatory levels, can contain low concentrations of
pharmaceuticals.” Consequent contamination occurs in surface water, groundwater, and

4,5,6,7,8

the subsurface, and has been detected in several countries. Water sources and

wastewater effluents have been found to contain up to 0.03 ug L™ ciprofloxacin
antibiotic, 0.59 pg L' propranolol beta blocker, and 15.9 ug L' caffeine stimulant.”'®"!
These and other pharmaceutical contaminants can cause harm to human and
environmental health, specifically the potential of subsurface antibiotic contamination

to cause antibiotic resistance of bacteria'>!?

, and the cytotoxicity of beta blockers to fish
hepatocytes.'*

Some techniques for removal and disposal of pharmaceutical-contaminated
flows include: sand filtration'®, graphene adsorption reactors'”, biologically active
carbon filtration®, sludge stabilization for sludge landspreading'®, constructed

wetlands'’, and riverbank filtration.'®"

These techniques rely on sorption, among other
processes, to remove contaminants. Sorption data via sand column experiments has

been published for propranolol®’, caffeine™*’, and ciprofloxacin®', but not for the

unsaturated conditions explored in this study.



The purpose of this study was to use sand column experiments under varying
saturations to simulate the effects of pore water evaporation on the transport of select
pharmaceuticals. Evaporation of the column was introduced as an intermediate step in
the sand column experiment, between flushing with the compound solution, and
flushing out the compound with a reference solution. The effect of evaporation was
quantified by comparing experimental flushing-out breakthrough curves, or elution
curves, to simulated elution curves via centroids. The simulations are designed to
model transport via adsorption/desorption, advection, and dispersion during the
saturation and flushing processes, allowing for interpretation of the effects of rate
limited dissolution on transport based on observed differences between simulations and

experiments.



Chapter 2. Experimental

2.1 Chemical compounds

Three pharmaceutical compounds were used for sand column experiments:
caffeine, a stimulant; propranolol, a beta blocker; ciprofloxacin, an antibiotic (Table 1).
Two fluorescent dyes, fluorescein and sulforhodamine B, were selected to act as model
low-adsorption compounds (Table 1). The five compounds were selected to cover a
range of sorption behaviors and to be easily detected via UV-spectrometry for real-time
analyses. Fluorescein (Sigma-Aldrich) and sulforhodamine B (as sodium salt, Sigma-
Aldrich) acted as near-conservative tracers for preliminary experiments. Caffeine
(Sigma-Aldrich) has relatively low adsorption. Propranolol (as propranolol-HCI,
Sigma-Aldrich) has pH-dependent adsorption behavior. Ciprofloxacin (Sigma-Aldrich)
exhibits zwitterionic behavior and has highly pH-dependent adsorption. Stock solutions
used degassed Nano-pure water, and pH was controlled with HCl and NaOH addition.
All solutions had an ionic strength of 0.01 M via CaCl, dihydrate (Carolina Biological
Supply Company). For each experiment, a reference solution was made with identical

ionic strength and pH as the compound solution.

Table 1: Chemical properties of select pharmaceuticals and tracers
MM Solubility

Compound pK. (g mol'™) pH (me L) log Koy
Fluorescein®** 5.1 376.2 - 25,000 -0.39
Sulforhodamine B* <15 604.7 - 70,000 -2.02
Caffeine*® 0.60* 194.2 - 21,600 -0.07°



MM Solubility

Compound pK. (g mol'™) pH (me L) log Koy
2 a 5 62.2¢ 0.78°
Propranolol 9.53 2594 10 245 8¢ 348
. . 2425 6.16" 3 89,232¢ -1.69°¢
Ciprofloxacin R 62° 3314 10 1’542(1 _1.08°

® Value at 0.15 M Ionic strength™

® Octanol-water partitioning coefficient of neutral species®

¢ Octanol-water partitioning coefficient of cationic species™

4 Value at 0.15 M Tonic strength, calculated from intrinsic solubility®

2.2 Model development

A model was developed for simulating the desorption process in a sand column
under two scenarios: 1) saturated, and 2) unsaturated. The saturated scenario includes
the following steps: the column is flushed with a solution at constant concentration (C,)
until equilibrium adsorption is reached (i.e., outlet concentration equals C,); the column
is flushed with a reference solution until all mass is removed from the column (i.e.,
outlet concentration equals zero). In this scenario, the compound can be adsorbed to the
column media, or in solution. The unsaturated scenario includes the following steps:
the column is flushed with a solution at C, until equilibrium adsorption is reached; the
column is drained to a set saturation (e.g., 40%); the column pore water is evaporated
until contents are dried; the column is imbibed with reference solution (filling the dry
cell to 100% saturation); the column is flushed until all mass is removed from the
column. In this scenario, the compound is at first adsorbed to column media and in
solution. As evaporation takes place, the pore water remaining in the column dries, and
the compound in solution becomes more concentrated. Once the column is completely

dried, it is assumed that all mass remaining is adsorbed to the sand surface as solid



precipitate. As the column is re-saturated, the solid adsorbed will dissolve into solution
and desorb from the sand surface.

The model simulates the movement of mass in the column using the one-
dimensional saturated transport equation, which describes the processes of diffusion and
dispersion, adsorption, and advection:*®

oc _ 9% _ 9C Mg 1)
ot “oxz Yox Vot

Where D is the diffusion/dispersion coefficient dominated by dispersion via D =
a - v, where «a is dispersivity (m), M is the mass of sand in the column, V is the pore

volume of the column, and v is the pore water velocity (ms™). The
: : ] : . ..
adsorption/desorption rate, a_Z’ of mass to sand in the column is modeled by rate-limited

linear adsorption:

g, (2)
a_tl = kges(K4Ci — q;)

Where kg, is the desorption rate (s™), K is the distribution coefficient (L kg™),
C; is the aqueous concentration (mg L), and q; is the mass adsorbed to the sand surface
(mg kg"). Equations 1 and 2 are transformed to finite difference form, and combined to

produce Equation 5:

crtl — cr 3)
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At At M At 1 (5)
Clr_l:il [—ED:I + Cin+1 [1 + ZED +7kdeSKd(1 - T3) - EU:I

At At
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KgesAt . . . :
des—_ Equation 5 is used in the program to simulate
1+kgesAt

Where 73 is defined as
the diffusion, adsorption, and advection of mass being flushed from the column in both
the saturated and unsaturated cases.

Before flushing with a reference solution, the initial distribution of mass in the
column is determined. For the saturated case, the column begins in equilibrium with
evenly distributed mass in the adsorbed state, g, and aqueous state, C, according to the
distribution coefficient (Figs. 1, 2a). The distribution coefficient, K, is calculated by

experimentally-determined values of the retardation factor, Ry:

Pp
Ry =10+ K, (6)

Where Ry represents the number of pore volumes required to remove all mass
from the column during flushing, p,, is the bulk density (kg m™), and n is the packing
porosity. An Ry of 1.0 means that no mass is adsorbed to sand. Ry increases as the
extent of adsorption increases. Ry varies slightly with small differences in packing
porosity. For the unsaturated case, the column begins with mass distributed along the
column after imbibition (i.e., starting from dry and filling with reference solution until
reaching 100% saturation) (Figs. 1, 2b). In Figure 1, the column is filled from left to
right, and the mass is distributed more densely at the right end of the column. An

illustration of this distribution is shown using a visible tracer dye sulforhodamine B,

where the column is filled from bottom to top (Fig. 2).
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Figure 1: Simulated distributions of C and ¢ for a saturated column at equilibrium
(black, blue lines), and an unsaturated column after imbibed from left to right
with reference solution (red, green lines).

Figure 2: Sand column distribution of tracer dye (sulforhodamine B) in a)
saturated experiment and b) unsaturated experiment.



After the initial distribution is determined, the program simulates the column
being flushed with reference solution until all mass is removed. The saturated case
begins with evenly distributed mass in the column, and produces typical s-shaped
elution curves (Fig. 3a). The area below each curve corresponds to its Ry value. The
unsaturated case begins with the uneven distribution of mass in the column, and
produces elution curves of varying shape (Fig. 3b). Ry values closer to 1.0 produce
elution curves with a high initial peak in outlet concentration, whereas Ry values much
greater than 1.0 produce elution curves with longer tails and no peak in initial outlet
concentration. An interesting observation from the simulations in Figure 3b is that
compounds that exhibit low adsorption (low Ry) leave the column at concentrations
greater than the initial concentration (i.e., C/C, > 1) as a result of the resaturation
process, where dried mass is dissolved and swept along in the imbibing front,
concentrating at the column outlet (Figs. 1, 2).

A process not included in the simulation is dissolution. This is important for
unsaturated experiments, where the evaporation step forces the remaining mass
adsorbed and in solution to form solids as precipitates on the sand surface. During the
imbibing step, immediate dissolution is assumed, producing distributions of Figure 1.
However, if dissolution is rate-limited, it may have a bigger impact on the distribution
of C and g along the column, by inhibiting the mass from being so easily removed
during flushing. Since initial distribution of C and q in the column is not known in

experiments, the elution curves are used to observe the effect of dissolution.
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Figure 3: Simulated elution curves for the a) saturated case and b) unsaturated

case. The dotted line indicates the breakthrough of 0.5 C/Cy occurring at PV =1,
which is true for R,= 1.0, i.e., the case of no adsorption.

2.3 Materials
All experiments used a cylindrical vertical column measuring 2.54 cm (1 inch)
in height, 1.91 cm (0.75 inch) in diameter, and 6.72 cm” in cell volume. The column

was packed with US Silica (Berkeley Spring, WV) F-65 Ottawa fine sand with an

average packed porosity of 0.37. Before packing, the sand was rinsed with deionized



water several times and dried in an oven at 110 degrees Celsius. Paper filters (Ahlstrom
qualitative filter papers, 1.5 um pore size) and mesh screens (stainless steel mesh #40,
type 304, 0.38 mm, 36% open area) were held in place at both ends of the column by an
O-ring for a water-tight fit. During drainage and evaporation, the paper filter on the
bottom of the column was replaced by a Teflon membrane (Tisch Scientific, PTFE

membrane filter, 0.22 pm pore size) to allow the passage of air through the cell.

2.4 Detection methods

Outlet flow from the sand column was analyzed with UV spectrophotometric
detection, using methods described in detail by Chen and Kibbey.”” After leaving the
column, effluent solution entered an optical cell fitted with a fiber optic spectrometer
(Ocean Optics, Inc.) and a deuterium light source (Mikropack) attached with a fixed
optical path length. This measured the absorbance spectrum of the outlet flow on a set
time-interval (either 1-sec or 10-sec) throughout the experiment. A fitting program was
used to analyze the measured absorbance against known standard spectrum curves.
Standards were measured for each compound (multiple standards for compounds with
pH-dependent spectra) and sand fines. At the end of each experiment, the sand column
contents were collected and stored with a known amount of an extraction solvent of
methanol or acetonitrile. After 12-24 hours, the supernatant was collected and read in
by UV/Visible spectrophotometer (Shimadzu UV-1601).

2.5 Procedure

Saturated experiments were conducted with the column at complete saturation.

The column was flushed with different solutions using a 50-mL syringe pump (KD

Scientific) at a rate of 0.50 mL min™' (0.50 cm min™ pore water velocity). The column

10



was first flushed with a reference solution for at least five (5) pore volumes (PVs) in
order to stabilize the sand column pH and flush out sand fines. Immediately after, the
column was flushed with the compound solution until the outlet concentration reached
and plateaued at the inlet stock concentration. Finally, the column was flushed with the
reference solution until the outlet concentration reached a plateau at approximately zero.
For saturated experiments, the cell was oriented vertically, with inlet flow entering the
top of the column, and outlet flow exiting the bottom of the column.

Unsaturated experiments were conducted with the column at various levels of
saturation. The steps included flushing, draining, evaporation, and re-flushing
(including re-saturating the column dried from evaporation). First, the column was
flushed with the reference solution and compound stock solution as described in the
saturated procedure. For this portion, the cell was oriented vertically, with inlet flow
entering the top of the column, and outlet flow exiting the bottom of the column. Then,
the cell was attached to a system with applied air pressure at the top end of the column,
and an outlet tube to the bottom of the column, connected to a water height pressure
transducer. For this drainage step, the top filter was changed to a Teflon membrane,
and the bottom filter remained the same paper filter used during flushing. As air
pressure was applied to the column, the pore water drained into the outlet tube. The
transducer measurement was used to track saturation within the cell during drainage.
For drainage, the column began at full saturation, and used a ramped air pressure flow
of until the cell reached approximately 40% saturation, taking approx. 45 minutes. At
this point, the cell was inverted, and the now-top cap on the column was removed in

order to act as a vent, and air was forced through the column at constant inlet pressure

11



(~2 psi) to completely evaporate the sand contents. The process of evaporating from
40% to 0% saturation was recorded by measuring the column weight over time via an
electronic balance (Ohaus). Evaporation lasted between six (6) and (8) hours, and air
flow continued for another four (4) to six (6) hours to ensure complete dryness. After
evaporation, the dry cell was inverted and both filters were replaced with paper filters,
then resaturated by flowing the reference solution through the bottom of the column,
allowing the solution to fill all the voids and the pore air to evacuate through the open
top of the column (Fig. 4). Once filled, the column top was attached, and the flow was
resumed. The reference solution was then flushed through the now-saturated column

until all of the compound remaining in the column was flushed out.

Figure 4: Sand column undergoing imbibition over time. Solution is flowed from
bottom to top. Note: top area of the column is dark due to shadow, not wetted
with solution.

12



Chapter 3. Results & Discussion

3.1 Saturated experiments: characterizing sorption behavior

Figure 5 shows the flushing-out breakthrough curves, or elution curves, for
standard, saturated experiments. These elution curves have the same general shape,
with the curvature varying slightly from experiment to experiment. Fluorescein is not
shown here because its curve was not as clearly defined as the alternative tracer,
sulforhodamine B. The level of adsorption for each compound, as measured by Ry and
K, is reported in Table 2. The compounds can be ranked from lowest to highest
adsorption by Ry value: fluorescein < sulforhodamine B < propranolol (pH 10) =

caffeine < ciprofloxacin (pH 10) < propranolol (pH 5) < ciprofloxacin (pH 3). As

shown in Figure 5 and Table 2, the bulk of experiments resulted in Ry values between 1
and 2. Only the low pH ciprofloxacin experiment had a substantially higher R

compared to the other compounds.

10 Sulforhodamine B
' —— Propranolol, pH 10
—— Caffeine, pH 10
—— Ciprofloxacin, pH 10
0.8 | —— Propranolol, pH 5
—— Ciprofloxacin, pH 3
0.6 |
=l
Q
@]
04 |
0.2
0.0 L k k L
0 1 2 3 10 15 20 25

Pore Volume

Figure 5: Elution curves for saturated experiments
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Table 2: Experimental data from saturated experiments to characterize adsorption
of the pharmaceuticals and tracers used in this study

Co Ky

Compound . H R i
pou mgLh P f (L kg™
Fluorescein 1.48 10 1.171 0.038
Sulforhodamine B 41.6 3 1.194 0.043
Caffeine 27.0 10 1.245 0.054
Prosranalol 10.0 5 1.657 0.146
opranolo 10.0 10 1.242 0.054
Cinrofloxacin 12.5 3 11122 2.243
protioxac 10.3 10 1.464 0.103

3.2 Unsaturated experiments: observing the effect of evaporation and dissolution
Figure 6 shows the elution curves for all unsaturated experiments. These curves
are created by imbibing the dried cell and then flushing, and vary in range and shape.
Sulforhodamine B and propranolol (pH 10) show similar behavior, and are flushed out
relatively quickly. Caffeine, ciprofloxacin (pH 10), and propranolol (pH 5) are more
delayed, with lower peak outlet concentrations and more curvature. Lastly,
ciprofloxacin (pH 3) experiences the most delayed removal of all compound/pH

conditions.

14
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Figure 6: Elution curves for unsaturated experiments

3.3 Desorption-only model inputs
The model input parameters are Ry, to set sorption behavior, and a., to set
dispersivity. For each simulation, the Ry and o parameters were taken directly from the
saturated experiment (R; reported in Table 2). Ry was calculated from the area under
the saturated elution curve, while o was adjusted until the curvature of the model
elution curve aligned with the experimental curve.

3.4 Fluorescein
Figure 7 shows the results for saturated and unsaturated fluorescein experiments.
The saturated experiment produced an elution curve consistent with the desorption-only
model (Fig. 7a). Fluorescein was assumed to be a conservative tracer, but results

indicate a small non-zero level of adsorption because Ry > 1, a result that has been

observed by others for fluorescein.”

15



Figure 7b compares the experimental and simulated elution curves for
unsaturated fluorescein. The desorption-only model predicts much higher outlet
concentrations and quicker removal from the column. This difference can be quantified
by the centroid of both elution curves. The desorption-only model centroid is 0.12 PV,
while the experimental centroid is 1.22 PV. The difference is due to the tailing evident

in the experimental elution curve, but not captured by the model curve. (Note that

fluorescein did not reach a zero effluent concentration until approx. 10 PV.)

10 Experimental, pH 10
: ‘\\ = = = Simulated desorption
\
\
0.8 \
1
)
\
o 0.6 ‘|
Q |
O A
1
04 \
\
\
\
02} ‘\
\
\ A
\
0.0 1 b — —
Experimental, pH 10
4r — = = Simulated desorption
N
\
\
\
3
\
[}
S
O oL 1
|
\
\
\
N
\
\
\ B
\
0 Ny il -
0 1 2 3

4
Pore Volume

Figure 7: Fluorescein elution curves for a) saturated and b) unsaturated
experiments. Dotted line simulates the desorption-only result.
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3.5 Sulforhodamine B

Figure 8 shows the results for saturated and unsaturated sulforhodamine B
experiments. The saturated experiment produced a curve similar to the desorption-only
model (Fig. 8a). As with fluorescein, sulforhodamine B was assumed to be a
conservative tracer, but an experimental Ry > 1 indicates some adsorption.

Figure 8b compares the experimental and simulated curves for unsaturated
sulforhodamine B. As was the case with fluorescein (Fig. 7b), the model predicts a
higher outlet concentration and quicker removal from the column than was observed.
The simulation centroid is 0.20 PV, while the observed centroid is 1.05 PV. Thus the
experimental data shows slower removal than the desorption-only model. Similar to
fluorescein, this elution curve shows long tailing of concentration, contributing to the
larger centroid value. (Note that sulforhodamine B did not reach a zero effluent

concentration until approx. 11 PV.)

17
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Figure 8: Sulforhodamine B elution curves for a) saturated and b) unsaturated
experiments. Dotted line simulates the desorption-only result.

3.6 Caffeine

Pore Volume

Figure 9 shows the results for saturated and unsaturated caffeine (pH 10)

confirming the saturated transport model (Fig. 9a).

experiments. The experimental result is consistent with the desorption-only model, thus

18



Figure 9b compares the experimental and simulated unsaturated curves for
caffeine. The desorption-only model predicts a fast removal of caffeine, while the
experimental data show bumps in the elution curve, and slower removal. The
simulation centroid is 0.17 PV, while the observed centroid is 0.54 PV. Thus, the
experimental data shows slower removal than the desorption-only model, a likely
indication that the dynamics of dissolution are important in this system. Interestingly,
unlike fluorescein and sulforhodamine B, the caffeine data do not exhibit long term

tailing.
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Figure 9: Caffeine elution curves for a) saturated and b) unsaturated experiments
Dotted line simulates the desorption-only result.
3.7 Propranolol

Figure 10 shows the results for saturated and unsaturated propranolol (pH 5, 10)

experiments. For both pH values, the experimental result is consistent with the
desorption-only model, thus confirming that the saturated transport model accounts for
different pH conditions (Fig. 10a). Based on these curves, adsorption for pH > pK, is

much lower than for pH < pK,. This indicates that propranolol adsorption is pH-

20



dependent about the pK, = 9.53. For pH < pK,, propranolol is positively charged and
sand is negatively charged, allowing strong adsorption via electrostatic attraction. For
pH > pK,, propranolol is neutral, and sand is negatively charged, so little adsorption
occurs.

Figure 10b compares the experimental and simulated curves for unsaturated
propranolol at pH 5 and 10. For both pH conditions, the desorption-only model
inaccurately predicts a faster removal of propranolol than is observed. Visually, the
model looks to better predict the pH 10 behavior than the pH 5 behavior. For pH 5, the
model and experiment centroids are 0.40 PV and 0.79 PV. For pH 10, the model and
experiment centroids are 0.19 PV and 0.34 PV. These differences between

experimental and model centroid values can be attributed to the effect of dissolution.
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Figure 10: Propranolol elution curves for a) saturated and b) unsaturated
experiments at pH 5 and 10. Dotted line simulates the desorption-only result.

3.8 Ciprofloxacin
Figure 11 shows the results for saturated and unsaturated ciprofloxacin (pH 3,
10) experiments. For both pH values, the saturated experimental result is consistent
with the desorption-only model, with slight deviation for pH 3 results (Fig. 11a). The
adsorption behavior is vastly dependent on pH, specifically regarding the proximity to

the dissociation constants (pK,; = 6.16, pKao = 8.62). Adsorption for pH < pK,; is very
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high because ciprofloxacin is primarily the positively charged species, and sand is
negatively charged, allowing strong electrostatic attraction. For pK,; < pH < pKa,
ciprofloxacin is the neutral and zwitterionic species (zwitterionic meaning the overall
charge is zero, but there is a negative charge and positive charge at different locations
on the molecule), and the sand is negatively charged, so some adsorption occurs via
cation exchange adsorption.”® Finally, for pH > pK,, ciprofloxacin and the sand are
negatively charged, preventing adsorption via strong electrostatic repulsion. Thus, the
high adsorption of pH 3 ciprofloxacin yields an Ry of 11.122, which is an order of
magnitude higher than any other compound/pH condition tested.

Figure 11b compares the experimental and simulated curves for unsaturated
ciprofloxacin at pH 3 and 10. For pH 10, the model predicts, as in other cases, faster
removal than observed. For pH 3 however, the model predicts that the high adsorption
will cause the elution curve to have steady concentration during removal, and drop off
gradually. This is not what is observed. In this case at pH 3, the actual curve rapidly
decreases and tails, displaying the largest deviation of an experiment from a predicted
elution curve. Similar to propranolol, visually, the model better predicts the high pH
behavior than the low pH behavior. The centroids are used to compare the model and
experiment curves. For pH 10, the model and experiment centroids are 0.28 PV and
0.49 PV. For pH 3, the model and experiment centroids are 5.2 PV and 23.4 PV. These

differences can be attributed to the effect of dissolution.
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Figure 11: Ciprofloxacin elution curves for a) saturated and b) unsaturated
experiments at pH 3 and 10. Dotted line simulates the desorption-only result.
3.9 Elution curve centroid analysis
Table 3 presents the centroid values for the unsaturated experimental and model
elution curves and their ratio (Xgxp/Xp0p).- The X-centroids for the desorption-only
model (Xj;0p) are smaller than the experimental X-centroids (Xgxp), yielding a ratio

greater than 1 in every case. An Xy;op value smaller than X;yp means that the centroid
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occurs earlier (smaller PV) than the experimental data show. The difference between
the centroids is interpreted as the effect of dissolution on removal. Fluorescein and
sulforhodamine B have the two highest ratios, due to tailing in the unsaturated
breakthrough curves that causes high Xgxp values (Figs. 7b, 8b). Since they are
relatively conservative, the model predicts an early centroid (lower PV) because it does
not predict this tailing. On the other hand, propranolol and ciprofloxacin (pH 10) have
ratios closer to 1. These compounds had unsaturated elution curves with less tailing

(Figs. 10b, 11b), so the model more closely duplicates the observed behavior.

Table 3: Elution curve centroids for experimental and model results

Compound H Experimental Model Ratio

P P Xexe (PV) Xmob (PV) Xexp/Xmop
Fluorescein 10 1.22 0.12 10.17
Sulforhodamine B 3 1.05 0.20 5.25
Caffeine 10 0.54 0.17 3.18
Propranolol 5 0.79 0.40 1.98
P 10 0.34 0.19 1.79
Ciprofloxacin 3 234 5.2 4.50
P 10 0.49 0.28 1.75

Figure 12 shows the relationship between the ratio of centroids and the
concentration normalized to the compound solubility. In this plot, a higher Xgxp/Xpop
ratio means a higher effect of dissolution on the unsaturated elution curve, which causes
slower removal from the column. Conversely, a ratio closer to 1 means that the Xgxp
and X,,op centroids are closer, and the dissolution effect is not significant compared to

desorption (as described by the desorption-only model). The trend in the plot suggests
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that experiments using a concentration much less than the solubility (i.e., Cp < S and

thus Cp /S < 1), will experience a higher effect due to dissolution. Consequently, the

R

trend suggests that experiments using a concentration close to the solubility (i.e., Cy
Sand Cy/S = 1), will experience a lower effect due to dissolution.

Figure 13 shows the relationship between the ratio of the centroids and the
distribution coefficient determined experimentally for each compound. There is no
discernable trend in this data. A trend of some kind could suggest that the dissolution
effect is somehow related to the adsorption (or hydrophobicity) of a compound,

however the data do not support this.
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Figure 12: The relationship between the centroid ratio (Xgzx»"Xyop) and the
concentration normalized to the compound solubility (Co/S), on log-log scale.
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Figure 13: The relationship between the centroid ratio (Xgzx»"Xyop) and the
experimentally-determined distribution coefficient (K,), on log-log scale.

3.10 Discussion

The compounds and pH conditions explored here were selected to cover a wide
range of adsorption behavior. From the near-conservative tracers to the highly
adsorbing ciprofloxacin at pH 3, the desorption-only model consistently predicted faster
removal from the sand column during flushing after evaporation than was observed. In
reality, the data show lower initial outlet concentrations, curves that are less steep, and
more time required for flushing out mass. A direct interpretation of these differences is
that a process that is absent from the desorption-only simulation (e.g., dissolution)
affects the elution curves by slowing down the removal of mass during flushing.

By using centroids, this analysis found that effect of dissolution was related to

the concentration and solubility of the compound (Fig.12), and not the hydrophobicity
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or adsorption behavior (Fig. 13). Comparing the centroid ratio (a measure of the effect
of dissolution) to K and Ry values did not produce any trends, so it is concluded that
the hydrophobicity and adsorption behavior have little effect on the unsaturated
transport of compounds explored in this paper.

The trend explored found that as the initial concentration used approaches the
solubility, the lower the effect of dissolution on removal during the sand column
experiment. From the data available, some conclusions can be drawn. First, that
compounds with very high solubility will experience dissolution effects during flushing
if the inlet concentration (Cy) is chosen to be very low compared to its solubility.
Second, that compounds with concentrations near their solubilities will experience less
dissolution effects. One theory to explain this conclusion has to do with how C, /S
changes during evaporation. Compare the two scenarios: A) inlet concentration chosen
such that C, /S is close to 1, and B) inlet concentration chosen such that C,, /S is much
less than 1. As both scenarios dry at the same rate, A will precipitate first, because its
concentration began closer to the solubility initially. B will precipitate later, once its
concentration exceeds its solubility. Following this theory, the earlier solid precipitate
will experience fewer dissolution effects, likely due to differences in the configurations
of precipitated solid. Additional pore level studies are needed to understand the
physical differences between the systems that produce the observed behaviors.

3.11 Solid precipitate analysis

Table 4 shows the calculated molecular footprint following evaporation of the

systems studied in this work. From the table, it can be seen that the area per molecule

of all of the compounds is on the order of one molecule per nm?, with a lower value
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(0.025 mol nm™) observed for the fluorescein, and a higher value (4.458 mol nm™) for
the strongly adsorbing pH 3 ciprofloxacin. These values are calculated based on a solid
surface area of 198.28 cm” cm™, determined from sieve analysis, and assume a uniform
coating on all solid surfaces. The magnitudes of the values in Table 4 are consistent
with monolayer or sub-monolayer coverage. However, it is likely that coverage is non-
uniform both on the solid surfaces and in the porous medium, as a result of the way
solutes become concentrated and precipitate as the water evaporates. Regardless, this
calculation suggests that interactions between individual molecules and the solid surface
are likely to play an important role in the dissolution and remobilization that

accompanies flushing.

Table 4: Molecular coating depth

Total
Compound Molecules .Molecull ©s Molecules/Area
(adsorbed) (in solution) 2
(mole. nm™)
Fluorescein 1.01x10" 2.36x10" 0.025
Sulforhodamine B 2.00x10'° 4.12x10' 0.459
Caffeine 5.07x10'° 8.32x10'° 1.005
Propranolol pH 5 3.80x10'° 2.31x10' 0.459
Propranolol pH 10 1.41x10' 2.31x10' 0.279
Ciprofloxacin pH 3 5.71x10" 2.26x10'° 4.458
Ciprofloxacin pH 10 2.16x10'° 1.86x10'° 0.302

3.12 Further exploration of dissolution effect
Further work was done to investigate the trend of increasing dissolution effect

with a decrease in Cj, /S ratio (Fig. 12). Figure 14 shows the results of the additional
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unsaturated experiments with sulforhodamine B. These experiments were conducted in
order to test the dissolution effect over a range of C,, /S values by choosing C, = 4.16,
15,41.6 and 150 mg L. Based on the preliminary experiments conducted for the dye,
the relationship observed in Fig. 12 is also followed in Fig. 14. This helps confirm that
the trend is followed for each compound, and that the effect is not a result of the identity

of the compound used.
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Figure 14: The relationship between the centroid ratio (Xgzx»"Xyop) and the
concentration normalized to the compound solubility (Co/S), on log-log scale, for
additional sulforhodamine B experiments.
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Chapter 4. Environmental Implications

This work has implications for understanding transport of contaminants in the
environment. First, the transport in saturated and unsaturated experiments shows a
large difference in behavior; the unsaturated experiments showed higher peak
concentrations and more tailing than completely saturated experiments. This implies
that across the compounds, the presence of an evaporation step affects the transport. In
the natural environment, subsurface regions near the surface are prone to evaporation
from seasonal heat and rapid imbibition during rain and flash-flooding. A contaminated
subsurface region will therefore retain the contaminant differently based on the
saturation conditions caused by drying and imbibition. A first implication of this work
is that a completely saturated subsurface will produce expected transport of a
contaminant, while conditions of varying saturation (drying, flooding) may produce
higher peak discharge concentrations at first, with long tailing over time. Under some
conditions, it is possible for contaminants released to have significantly higher
concentrations than the concentrations present prior to evaporation.

A second implication of this work is that the transport behavior is also
dependent on the given concentration and solubility of a compound. For the
compounds examined here, the fluorescent dyes showed more dissolution effect than
the pharmaceuticals, based on the centroid ratio. This is thought to be due to the
distance between the chosen €, and the compound’s solubility. For C, much lower
than S, the dissolution effects are much higher than for C,, and S closer in value. This
implies that for pharmaceuticals, the lower the concentration, the higher the dissolution

effect. This has larger impacts for understanding transport in the unsaturated conditions
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found in the environment, including that lower concentrations will be flushed from a
dried region more slowly with excess tailing. Additionally, that higher concentrations
(close to solubility), will be flushed from a dried region with little effect on removal due

to dissolution.
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