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Abstract

The shallow-bed technique is used to measure sorption/desorption kinetics from
particulate media. It involves an extremely short column (about 0.5 mm long and 2-3
mm in diameter) through which solutions are passed at high linear velocities (up to 60
cm/sec in this work), and the amount of solute sorbed/desorbed is measured as a function
of time. This work presents the development and validation of an instrument which
measures desorption kinetics from liquid-chromatographic packings. The experiments
involve pre-equilibration of the particles with a solute-containing solvent, after which the
flow 1s switched to that of pure solvent (a methanol/water mixture), and the concentration
of the desorbing solute is monitored by a detector located as close as 1.5 mm

downstream.

Two instruments are developed: The first is used to measure the desorption rate of
naphthalene from a gel-like nonporous polymeric sorbent PRP-c0, which takes about 90
minutes to complete. The rate data are fitted with a spherical diffusion equation and the
diffusivity obtained from the fit (5 x 10™"' cm?/s) is compared with a literature value to
validate the experimental approach. The second instrument can measure sub-second
processes and is used to study the desorption kinetics of naphthalene and 1,2-dimethyl-4-
nitrobenzene from the porous HPLC sorbents PRP-1 (10 um diameter) and Luna C-18
(12 um diameter), respectively. The desorption rate curves are fitted with a model
accounting for particle diffusion combined with external film diffusion. The results are
interpreted in terms of diffusion film thickness (0.3-0.5 um), intraparticle mesopore

diffusivities (on the order of 107 cm%/s) and, for PRP-1, matrix diffusion (~10"*cm?s).
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The contribution of the measured intraparticle diffusion to bandbroadening in a 25-cm

long chromatographic column of Luna C-18 is also studied.

For both shallow-bed instruments, experimental artifacts associated with extra-particle
solute and instrument bandbroadening are overcome by subtraction and deconvolution
with the desorption curve of an unretained-compound (phloroglucinol), which serves as

an Impulse-Response-Function Marker.
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List of abbreviations and symbols

List of abbreviations

AU Absorbance Units (unitless)

DMNB 1,2-dimethyl-4-nitrobenzene

HMRAS DOSY High Resolution Magic Angle Spinning - Diffusion Ordered

HPLC

IRF

IRF-Marker curve

MP

NMR

NA

ODS

PDMS

PFG-NMR

PG

PRP-1

PRP-o

PS-DVB

RP HPLC

S/N

S.S.

Spectroscopy

High Performance Liquid Chromatography

Impulse Response Function (a peak-shaped waveform)
used in subtraction and in obtaining IRF (not necessarily a peak)
Mobile Phase (f_]owing solvent)

Nuclear Magnetic Resonance

Naphthalene

Octadecyisilyl

Polydimethylsiloxane elastomer

Pulsed-Field Gradient Nuclear Magnetic Resonance
Phloroglucinol (1,3,5 trihydroxybenzene)

Mesoporous PS-DVB Stationary Phase, 10 micron diameter
Nominally non-porous PS-DVB, 20 micron diameter

Poly (styrene divinylbenzene) cross-linked copolymer
Reverse Phase HPLC

Signal-to-Noise ratio

Stainless Steel
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List of Symbols

Latin alphabet symbols and symbols starting with Latin letters

2DMNB sorbed area under the DMNB curve, defined in Section 5.3.3, Eq. 5.4
3pore-PG area under the PG curve, defined in Section 5.3.3, Eq. 5.4

A Eddy Diffusion term in Van Deemter Equation

A®) absorbance as a function of time

A(O)Rr the instantaneous signal of the IRF-Marker

A(t)observed RF marker  the instantaneous signal of IRF-Marker being flushed out

Ao the optical absorbance of the equilibration solution of i

Ag IRF masker the optical absorbance of the equilibration solution of IRF-Marker
B the longitudinal diffusion term in Van Deemter Equation

C the resistance-to mass transfer term in Van Deemter Equation
d diameter of a cylindrical tube (unpacked)

d, particle diameter (cm)

D; diffusion coefficient inside the particle (cm? sec™)

Dmatrix diffusion coefficient within a polymer matrix

Dwmp diffusion coefficient in the mobile phase (cm? sec™)

Dp diffusion coefficient inside the pores when there is no retention
f ratio of porosities (Eq. 1.13)

f(t) any function of time (any units)

F(v) the Fourier Transform of f(t); function of frequency (sec’t)
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HEas,
Heiim
Hintraparticie
Hip

Hwmp

Hs

Hsm

Hs qifr

Hrow

Hindr

[ilme
[i]pan

[ipore] par

[isocbed] pant

theoretical plate height

the coupled H term due to resistance to lateral mass transfer

H due to eddy diffusion

H due to film diffusion

H due to all the processes involved in sorption/desorption

H due to longitudinal diffusion

H due to diffusion mass transfer in the mobile phase

H measured experimentally

H due to the actual chemical sorption/desorption step

H due to diffusion inside the stagnant mobile phase plus surface
diffusion

H due to diffusion in stationary phases with no stagnant mobile
phase.

the total combined plate height due to all the bandbroadening
processes in the chromatographic column

hindrance parameter: quantifies the retardation of diffusion in
pores

symbol pertaining to solute i, also referred to as sample 1.
concentration of solute 1 in the mobile phase (moles/ L)

concentration of solute i in particle (moles/ Lpanicic)

conc. of un-sorbed solute 1 in the pores of a porous particle (moles/

LPanicle)

concentration of sorbed 1 in the particle (moles/ Lpaqicic)
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Mgy

Njo

. Do fast

;0. film

N; 0.slow

1 0.sph

n;(t)

Tmicrosphere

capacity factor (also called retention factor), unit-less

modified k* (Egs. 1.19, 1.20)

rate constant for film diffusion controlled kinetics (sec™), Eq 2.6b
first-order kinetic rate constant for adsorption onto surface (sec™')
first-order kinetic rate constant for desorption from surface (sec™')
the mass transfer coefficient in film (cm sec) Eq.2.7

Parameter defined in Eq. 2.34-2.37. Also, a symbol used for 1 liter
(1 Titer = 1000 cm”)

pathlength in absorbance measurement (cm)

mass of the Shallow Bed particles (grams)

total moles of solute 1 at sorption equilibrium

moles of solute at sorption equilibrium associated with the fast part
of the desorption curve, See Section 4.3.2

total moles of solute i at sorption equilibrium associated with the
PDMS film, Eq. 5.6

moles of solute i at sorption equilibrium associated with the slow
part of the desorption curve See Section 4.3.2

total moles of solute 1 at sorption equilibrium with the spherical
particle, Eq. 5.6

moles of solute i adsorbed or desorbed by time t

particle radius or the radius of a hollow cylindrical tube, depending
on the context (cm)

the radius for the ‘microspherical aggregate” within the particle
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Re

s€C

Sh

Ry

tm

Uinter

the ratio or the solute sorbed on the walls to that in the pores
(unitless)

Reynolds number for flow past spheres, Eq 2.8

Reynolds number for flow inside a tube, Eq 6.1

seconds

Schmidt number, Eq 2.10

seconds

Sherwood number, Eq 2.11

time (sec)

the center of gravity of a peak in time units, measured from the
time that flow has started (Eq. 6.6)

the average time needed to pass through the detector cell

t+t

the center of gravity of function f(t)

elution time of PG (phloroglucinol)

retention time of solute 1 (sec)

retention time of an unretained compound

velocity with which an unretained compound moves through the
chromatographic column (cm sec™)

interstitial fluid velocity (cm sec™)

superficial fluid velocity (cm sec™)

average velocity of flow through a hollow tube

volume (L)
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V4 volume of the detection cell

Vbath volume of the extra-particle liquid in an uptake/relese experiment
Viu hold-up volume

Vsp volume of the particles in an uptake/release experiment

Vr total volume in an uptake/release experiment: Vi + Vsp

X the Hellferich number, used to determine if particle diffusion or

film diffusion are rate limiting

Z the length of HPLC column.

Greek letter symbols and symbols starting with Greek letters

B kinetic parameter of particle diffusion (sec™)

Beiim kinetic parameter associated with diffusion in a plane sheet or film,
Eq.5.5and 5.6

Y obstruction factor for diffusion in the mobile phase in the column.

S thickness of the external diffusion film (cm)

Oexpt 9 determined by fitting experimental rate curves

Opredicted o predicted by correlations found in the literature

g the extinction coefficient (absorptivity) of solute i (L mol” cm™)

Einter interstitial porosity in a packed bed, expressed as volume fraction

Eintra intraparticle pore volume fraction in a packed bed

€pp particle porosity: the volume fraction of the particle taken up by
the pores.
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£ total porosity in a packed bed, expressed as volume fraction
n viscosity (Poise: g cm™ s™)
K; the distnbution coefficient of solute i between the stationary and

mobile phase; (L gram™)

A packing factor (Eq. 1.5)

pm micrometer (meter -10%)

v kinematic viscosity Eq 2.9

T the number Pi

p density (gram cm”)

c standard deviation of a waveform (e.g. of a Gaussian elution peak)
o? variance, or the second statistical moment, of a waveform

T tortuosity factor (unitless)

v frequency (Hz)

0} volumetric phase ratio in an uptake/release expeniment; Eq 2.21
0 packing factor (Eq. 1.6)
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Chapter 1:  Topic Introduction and Literature Review

1.1 High performance liquid chromatography

Reverse Phase High Performance Liquid Chromatography (RP HPLC) is a valuable and
ubiquitous analytical tool, and it accounts for more than 90% of all liquid
chromatographic analytical separations of small molecules [1]. RP HPLC is generally
performed with porous silica particles, 10 um in diameter or less. the surface of which is
modified by covalently bonding different alkyl groups, the most common of which is
octadecyl silane (ODS). RP HPLC is sometimes performed with porous polymeric
particles, such as those made from poly (styrene-divinylbenzene), which also provide a

hydrophobic surface. The two types of reverse-phases are shown in Fig.1.1.

The separation process occurs in a column packed with the porous particles. The sample
molecules distribute themselves between the stationary phase and the mobile phase
(solvent). In the case of ODS silica, the stationary phase (SP) is the thin layer (1-2 nm)
of the bonded silane, while for polymeric packings the stationary phase is the surface of
PS-DVB, and, in some cases, the bulk of the PS-DVB matrix. The mobile phase is
composed of the liquid flowing in between the particles, and the stagnant liquid inside the
small pores. The process of entering the stationary phase is called sorption and the

process of leaving the stationary phase is desorption. Compounds interacting more
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strongly with the stationary phase (stronger sorption) spend a smaller fraction of their
time in the mobile phase. This leads to different velocities for different compounds, and
the separation between the zone-centers of individual compounds increases linearly with

column length.

Unfortunately, associated with the separation of zone centers is the tendency of each zone
to broaden due to several dynamic phenomena. The band broadening (also called
dispersion or spreading) due to these phenomena increases with only the square root of
the column length, as compared to the linear rate associated with the separation of zone
centers. This makes separation feasible. However, it is always desirable to improve

separation, and this involves minimizing the band broadening phenomena.
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Column wall

Packing particles

polymeric ODS silica
SP (matrix) Silica support
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walls Desorption
Into matrix

(not always)

Fig 1.1 Column packed with porous packing particles and the possible sorption
processes which can occur in the two types of Stationary Phases (SP): ODS-
silica (and other bonded phase silicas) and polymeric.
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1.2 Band broadening sources in HPLC

1.2.1 Quantifying band broadening.

The phenomenon of band broadening in a packed column has been treated extensively in
literature [1-11]. The theoretical plate height model is the standard way to describe
broadening in chromatography. Elution peak width can be described by the variance of
the peak, 02, which is a square of its standard deviation. The plate height, H, is the

vanance of the peak per unit length of column, Z:

g
H__Z_ (1.1)

In a chromatographic column there are several, independent spreading processes, such as
longitudinal (axial) diffusion, flow non-uniformity in the mobile phase, and non-
equilibrium due to finite rate of sorption/desorption kinetics. For independent spreading
processes, the variances generated by each one are additive in the time domain. They are

also additive in the distance domain if the linear velocity is constant throughout the

system, as is true in liquid chromatography [3]

Ot = 20 (2
j=t

and

H.=> H, (1.3)

1=l
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1.2.2 Longitudinal diffusion in the mobile phase

When an infinitely narrow zone (band) of sample is injected onto the top of a column and
migrates down the column, molecules diffuse axially away from the narrow band both
forward and backward from the center of the band due to random thermal motion. After
a short ime, the resulting profile of the sample is Gaussian and the variance of the band
increases proportionally to time. Therefore, the higher the flowrate through the column,
the less ume there is for molecular diffusion to act as a broadening phenomenon. The

resulting plate height equation, based on a modified Einstein equation is [1, 3, 5, 6, 10]:

2yD
Hw=_7_u£_ (1.4)

where Dwvp is the diffusion coefficient of the solute in the mobile phase (cm2/§ec) anduis
the linear velocity of the mobile phase (i.e. the velocity with which an unretained
component moves axially through the column). The obstruction factor. v, is about 0.5 to
0.8 in packed columns and accounts for the fact that the diffusion pathway between the
particles is not straight [1, 3, 5,6, 10] . The magnitude of the H;p is inversely
proportional to the velocity of the mobile phase, which is consistent with the fact that the
less time that is available for axial diffusion, the smaller the contribution of this
phenomenon to band broadening. For the range of linear velocities normally used in
HPLC longitudinal diffusion is negligible, as compared to other sources of band
broadening, which will be discussed below. Under some circumstances, longitudinal
diffusion can occur while the solute (sample) is sorbed in the stationary phase, and will
thus add to the overall plate height [10, 12]. The extent of such diffusion is usually

smaller than in the mobile phase, because of the smaller diffusion coefficient inside the
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stationary phase. Therefore, the axial diffusion inside the stationary phase can also be

neglected.

In newer HPLC columns, such as those packed with particles of 3 um or less, the
longitudinal diffusion contribution to plate height often cannot be ignored [13, 14]. This
is because the other contributions to band broadening decrease with particle size, while
Hyp 1s independent of the particle size [13, 14]. Such cases will not be discussed further

here, however.

1.2.3 Eddy “Diffusion”

The eddy diffusion term arises from the non-uniformity of th'e packing of particles across
the column, and the resulting differences in the interparticle channel diameters. Non-
uniformity is aggravated by differences in particle sizes, but even if the particles were of
uniform size, the randomness of packing structure would cause the inter-particle channels
to differ in diameter. The velocity of the mobile phase is proportional to the square of the
channel diameter, thus giving rise to different relative velocities in different channels [3],
which is the cause of band broadening. According to Giddings, there are five types of
flow non-uniformities in the bed. (1). Trans-channel, where there is a flow velocity
distribution across a single channel in which the velocity distribution approaches a
parabolic profile, due to viscous flow. (2). Trans-particle, where there are different
average velocities in the channels on different sides of the particle. (3). Short range inter-

channel, where there are different velocities across a small number of particles. (4). Long
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L

range inter-channel, where there are velocity differences between larger regions of the
packed bed. (5). Finally, there is the trans-column non-uniformity, due to the fact that the
packing structure near the walls of the column is different (usually looser) than the
packing structure in the center. This results in different average velocities near the walls
as compared to the center of column. All these non-uniformities are relaxed by the fact
that every time the mobile phase exits a flow channel, it is split between a number of
other flow streams, where the velocities are unrelated to those experienced in the former
channel. This is called lateral convective mass transfer (as opposed to lateral diffusive
mass transfer), also referred to as eddy diffusion. If the column is sufficiently long, the
band will have a Gaussian shape and the plate-height associated with eddy diffusion is [1,

3]

Hpy, =4d (1.5)

P

where A is a packing parameter, which decreases with greater uniformity of packing. For
well packed HPLC columns , X is usually between 2.5 and 5 [1]. Hgaqqy is independent of

the mobile phase velocity.

1.2.4 Resistance to Mass Transfer in the flowing Mobile Phase

As discussed above, there are several flow non-uniformities in a packed bed, and they can
be relaxed by lateral convection, which is included in the eddy term as discussed in

section 1.2.3. However, lateral diffusion can also relax the non-uniform flow pattern.
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In lateral diffusion molecules move across the column, and thus move among mobile
phase flow streams having various axial linear velocities. They thus acquire different
velocities in an ever-changing, random fashion, which relaxes the effect of flow non-
uniformities. If lateral diffusion occurred infinitely fast, all molecules would experience
the same average velocity, and there would be no band broadening due to non-uniformity
of flow (though there would be infinite band broadening from longitudinal diffusion).
However, lateral diffusion occurs at a finite rate so that there is a net band broadening

effect. For a long column, the plate height contribution from the lateral diffusion in the

mobile phase is [3, 6]:
H od’u . 16
MpP DMP -

where o is a packing factor, similar to A from section 1.2.3, and its value is also close to

5. It also decreases with improved uniformity of packing.

1.2.5 Coupling of the eddy and the lateral diffusion term

Both lateral convection and lateral diffusion act to relax the non-uniform flow patterns in
a packed bed. Thus they both decrease the band broadening associated with them. Their

associated plate-heights cannot be simply added, because they are not statistically
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independent of one another. Giddings has combined the two contributions into a coupled
plate height term Hegupie [31:

-1 -1
1 1 1 D
e [Hwy Hm,) ().dp wd: u]

This means that the magnitude of Heunie 1s always smaller than the magnitude of either
Hegay or Hyip alone. The smallest term thus dominates, similar to the paraliel-resistances
model of electricity. This coupling term is not a rigorous solution to the combination of
the two steps, but is a simplified way of the combining of the two processes.
Furthermore, while in principle each of the five flow non-uniformities listed in section

1.2.3 would require its own coupling term [3], this is not done in practice, in which Eq.

1.7 is employed.

1.2.6 Non-equilibrium effects due to sorption-desorption kinetics in

the packing particles

Before a molecule is sorbed onto the stationary phase, it must go through several
processes, with intra-particle diffusion being usually the most important of them. The
diffusion into and out of the packing particles is not infinitely fast, and it takes some time
to achieve equilibrium between the solute (sample) in the mobile phase flowing past the
particles and the solute in the stationary phase. As the sample molecules in the mobile

phase are migrating down the column. there is always an excess concentration (above that
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dictated by equilibrium) of solute in the leading half of the band in the flowing mobile
phase, because there is not enough time for the sorption process to have reached
equilibrium. Naturally, the situation in the stationary phase is the opposite, because there
is a solute deficiency in the stationary phase for the leading half of the sample zone. In
the trailing half of the band in the flowing mobile phase, the mobile phase contains a
lower concentration of sample, causing net desorption to occur from the stationary phase.
Sample transport from the inside of the packing particles also takes some time, so that the
sample concentration in the particles is higher than that dictated by equilibrium after the

mobile phase concentration maximum has passed.

The slower the intraparticle sorption/desorption kinetics, the greater the band broadening
at the front and rear of the band of solute. Increasing the mobile phase velocity has the
same effect as slower intraparticle kinetics. For sufficiently long columns, Gaussian
peaks will be observed [3, 15]. In general, the plate height equation for Gaussian peaks

due to non-equilibrium is :

(constant)-u
Humpan‘ icke = —F__—

(1.8)

miraparticle
where Kintraparticic 1S the equivalent of first-order kinetic parameter for the process of

sorption-desorption.

Thus, in terms of sections 1.2.2 — 1.2.6, the overall plate height Hro, in Eq 1.3 has the

form.

10
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-1
1 1
How=Hp +H i + (—+ ) (1.9)
Hepy

Often, the term Hinwapanticie is seen as the sum of plate heights due to resistance to mass
transfer in the stationary phase, H;, and the resistance to mass transfer in the stagnant
mobile phase, Hgy [2, 3, 6]. It is now apparent why the rates of sorption and desorption
into and out of particulate stationary phases are a subject of interest to chromatographic
sciences. Any excessively slow sorption/desorption behavior will greatly reduce column
efficiencies, yielding excessively broad, or even tailed peaks. Conversely, any
phenomenon which acts to speed up the kinetics of sorption/desorption can increase the
performance of chromatographic columns. A detailed understanding of intraparticle
mechanisms of mass transfer can advance efforts to create more effictent separation

media.

11
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Fig. 1.2. Kinetic Processes which can take place in a porous particle during
sorption/desorption
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1.3 Mechanisms of sorption/desorption kinetics in packing

particles

The subject of this thesis is the measurement and characterization of sorption/desorption
kinetics associated with chromatographic band broadening. There are several steps
which the sorbing molecules go through in order to equilibrate with porous HPLC
packing. These processes are all depicted in Fig.1.2. The first of these is the mass
transfer from the flowing solution to the particles, which occurs through a stationary film
of liquid surrounding the particles, and is referred to as external film diffusion. (External
film diffusion through the mobile phase is not treated by Eq. 1.6 for Hyp) This is
followed by the radial diffusion (in case of spherical particles) through the pores towards
the centre of the particle. (For most HPLC packing the pore size is so small that
effectively no flow occurs in the particle, and the transport occurs through diffusion
only.) There are also kinetics associated with the actual adsorption from the pore solution
onto the pore walls. Once adsorbed onto the pore walls, the solute can diffuse along the
pore surface; this can serve as another mode of transport towards the centre of particle.
In polymenic particles, such as PS-DVB and related polymeric supports, sorption may
involve not only the adsorption onto the surface lining the pores, but it could include the
diffusion into the matrix which makes up the skeleton of the particle. Matrix diffusion
does not happen in ODS silica used in HPLC, however. The desorption process follows
the same steps in reverse. Each one of these three steps: film diffusion, intraparticle

diffusion, and the sorption-desorption step onto/into the stationary phase, can be rate

13
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limiting, depending on the specifics of the solute, the stationary phase, and the mobile

phase.

1.3.1 The chemical adsorption/desorption step

Kinetics of the actual adsorption/desorption step onto the walls of the packing can be
rate-limiting when spexific recognition of analyte is involved, such as in affinity and

chiral chromatography [16-18]. The plate height associated with this process is [3]:

2k’
= (1.10)
(1+Kk) k,
where k' is the capacity factor, also known as the retention factor of the solute i. Itis
defined as the ratio of solute sorbed to that in the mobile phase. The parameter kg is the

desorption rate constant. In deriving this equation, the reversible adsorption/desorption

process is assumed to follow a first order rate law.

When non-specific sorption 1s involved, such as in RP HPLC, the actual physical
adsorption/desorption step is often very fast [19-24] (although exceptions do exist [25]).
Thus, the solute in the pore liquid can be assumed to be in local equilibrium with solute
on the pore walls, and a single molecule is expected to undergo the adsorption-desorption
step a large number of times during its stay in the particle. For all the systems studied in
this work the kinetics of the sorption-desorption step are assumed to be the fastest step,
and therefore they are negligible and not rate-limiting to the overall sorption/desorption
process. In this case, the sorption/dcsorptioh inside of the chromatographic particles is

limited by diffusional mass transfer.

14
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1.3.2 Particle diffusion

Mass transfer inside porous particles, both toward and away from the centre, can occur
through both pore diffusion (in liquid filling the pores) and surface diffusion (along the
pore wall). Since these are paraliel processes, the faster one contributes more to the mass

transfer rate. The combined intraparticle diffusion coefficient, D;, can be expressed as

follows [26-29]:
1+R

Where D is the pore diffusion coefficient (i.e. for the diffusion in the stagnant mobile
phase which fills the intra-particle pores), Ds is the surface diffusion coefficient, R is the
equilibrium ratio of the moles of solute sorbed in the stationary phase to the moles of

solute in the pore liquid. R can be calculated from k’ by:

R=Kk/f (1.12)

f=8inlm/£T (113)

where €in is the intraparticle porosity, defined as the pore volume per unit volume of an

HPLC column, and ¢ is the total porosity of a column per unit volume. It includes €intra,

15
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as well as €iqer, known as the interparticle porosity, defined as the fraction of the column

volume occupied by interparticle spaces.

€T = Eintn T Einter (1.14)

The pore diffusion coefficient is related to the free liquid diffusion coefficient Dyp by the

expression [27-29]:

_ Dy -Hindr
T

D, (1.15)

where Hindr is the hindrance parameter, also referred to as the constrictivity or
restrictivity factor, which accounts for an additional drag on the solute caused by a more
viscous liquid in the presence of the nearby walls of the small pores. It ranges in value
from 0 to 1. For example, Hindr is equal about 0.8 when the solute diameter is 20 times
smaller than the pore radius, 0.6 when ten times smaller, and it quickly approaches very
small values as the solute diameter grows closer to the pore diameter [27, 30, 31]. Itis
convenient at this point to define the terms used to describe the diameter of the pores.
The IUPAC convention is to call pores having widths > 50 nm as macropores, and those
having widths between 2 and 50 nm mesopores, while pores having diameters < 2nm are
called micropores. Since small molecules of molecular weight 100-600 Daltons have
molecular diameters between 0.5 and 1 nm, diffusion through micropores is extremely
hindered, and can be a source of very slow mass transfer, leading to excessive band

broadening. For this reason, most HPLC packings have their pore diameters on the order
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of 10 nm or larger. The other parameter in Eq. 1.15 is the tortuosity, T, and it accounts
for the fact that the pores aren’t straight. so the diffusion distance is, in effect, longer than
in pure iiquid. Tortuosity is in fact the square of the increase of the diffusion path, since
diffusion time is proportional to the square of the diffusion distance [3, 27]. Itis difficult
to predict tortuosity a priori, but several experimental studies report that for porous

HPLC packings 1 falls in the range of 2 + 0.5. [32-36].

In some cases, as in the diffusion of cations in porous silica gel (non - alkylated), surface
diffusion is likely negligible, and the solute travels by sorption-retarded pore diffusion
(SRPD), a process where the effective diffusion coefficient is the pore-diffusion
coefficient multiplied by the fraction of time that the molecule is not adsorbed, and is
thus free to diffuse [37-39]. The equation for SRPD is easily obtained from Eqs 1.11

and 1.15 by substituting Ds = 0.

b . De _Dy-Hindr
SR T 1+R z(1+R)

(1.16)

In other cases, such as on ODS reverse phase packing, surface diffusion along the pore
walls can occur at the same time as pore diffusion, and thus it can speed up the intra-
particle rate process [40-43]. When surface diffusion occurs along the pore walls, its path
1s also tortuous, with a value Tq.mac that is expected to be greater than the one for pore
diffusion, since the diffusing molecule is forced to follow the contours of the walls. In

the Eq. 1.11. the value of Toyace is lumped into the overall effective surface diffusion Ds.

17
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For a sufficiently long column, the elution peak shape due to stagnant mobile phase
diffusion and simultaneous surface diffusion would be Gaussian, and the plate height
associated with stagnant mobile phase diffusion through the pores plus the associated

surface diffusion is [6, 44].

_ (-f+k)’ d;u
M30(1-HA+K)? (D,+k';)5)

(1.17)

In the case of polymeric packings, such as poly(styrene-divinylbenzene) (PS-DVB), other
modes of diffusion are possible. For a macro/mesoporous particle both surface diffusion
and pore diffusion can occur inside the larger pores. However, the matrix of the
polymeric packing is made up of cross linkcd monomers {28, 45-47]. When the degree
of cross-linking is very high, the matrix is incapable of swelling and is very rigid.
However, ngid micropores do exist in such a network, and slow, hindered diffusion will
occur inside such highly cross-linked matrix. Hindered diffusion can also occur in
microporous inorganic material substrates, such as zeolites, and in poorly-prepared

porous graphite stationary phases [48].

In certain cases, the polymeric particle does not have macro/mesopores where the mobile
phase can enter, and they are made up of a continuous matrix. This matrix can be viewed
as either microporous or a gel. If the degree of cross-linking is high, micropores are seen
as discussed above. If the degree of cross linking is small, the polymer matrix can swell

(when exposed to a proper solvent) and the spaces between the polymer strands open up.
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It is common for those two types of matrix to be seen in a single particle. In either case,
when the mobile phase is an aqueous/organic solvent mixture, the solvent composition
within the matrix is different than that outside the particles, since wetting solvents are
more enriched inside the particles. This is often the case in gel-type ion exchangers made
up of sulfonated PS-DVB. In such a particle no stagnant mobile phase is thought to exist,
and an unretained compound is also excluded from the particle (in meso/macroporous
particles unretained components do not sorb onto the stationary phase, but can still enter
the stagnant mobile phase. Therefore, unretained compounds do enter the particle space
of and are not excluded from macro/mesoporous particles). The intraparticle diffusion
coefficient D; through the gel often may not be correlated to Dyp in the mobile phase
because of the different environment inside the gel. Correlations to estimate D; in gels
do exist, but will not be reviewed here [49]. The plate height expression associated with

diffusion into such a gel-type stationary phases is:

) 2
H,, = K dpu (1.18)
“T30(1+k')® D,

where D; is the diffusion coefficient inside the particle.

1.3.3 Film diffusion

The influence of external mass transfer through the mobile-phase liquid surrounding the

packing particles can be an important contributor to the overall resistance-to-mass
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transfer under some chromatographic conditions. This phenomenon is physically very
complex, but can be well approximated by a very simple model [50]. When a fluid flows
through a bed of particles, or through any channel, it is stationary at the walls, but its
velocity increases gradually away from them, reaching a maximum in the middle of a
channel. Consider a situation where the solute “disappears” when it touches the walls of a
channel. Such a possibility exists in the case of an electrochemical reaction at a surface,
or when sorbent particles have a very strong affinity (i.e. large k') and a large capacity for
the solute. The depleted solute can be replaced in two ways. First, the flowing solution
can deliver fresh solute from upstream of the channel, which is called convective mass
transport. The second, usually slower, process of delivering new solute to the walls is by
diffusion of unreacted molecules along the direction normal to the surface from the
regions further away from the walls. Regions with the highest. velocity, in the middle of
the channel, experience the highest rate of solute replenishment. Convectional mass
transfer is thus highest in the middle of flow channels, where it is much faster than
diffusional mass transfer. However, the convectional transfer diminishes continually as
the particle surface is approached, and diffusive mass transfer of solute from the outer
layers of the flowing solution from above becomes more and more important. An
analogous situation exists for particles suspended in a stirred beaker, except that
convectional mass transfer takes place by the particle itself moving to new regions of the

stirred bath [S1].

The model of a Nemst diffusion layer, or the Nemnst diffusion film, is a very practical

idealization of the convective/diffusive situation just described [S1-53]. It replaces that
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situation with a layer of thickness 8, where no convection takes place, and a sharp
boundary which separates it from a solution where convective mass-transfer is infinitely
fast and any depleted solute is replaced immediately. Even though not physically correct,
this simplification has been shown to be very successful when compared both to

experimental results and to rigorous theoretical models {51].

The plate-height contribution arising from transport through a hypothetical Nernst
diffusion film, Hgim can be derived from reference [S1}], assuming that the concentration

gradient through the film is linear, and that the column is long enough to give a Gaussian

peak shape:

e 2

" _( K ) 2d,du,, : (119)

film — " -
k"+1 3Dy,

where Un,; 1s the interstitial fluid velocity, and k’ is the equilibrium ratio of moles of
solute in the particle, including in the pore liquid, to the moles in the mobile phase

outside of the particles. For non-porous particles, such as gel ion exchangers, k" = k’, and

Uiner = U, Since unretained solutes don’t enter the particle region at all. For porous

; particles:
k"—t “rve (1.20)
U, =t (1.21)
cm
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Other authors cite Hgim to be [2, 17] -

Bk, +k+kk)? d)° ull

5 1.22
(i+k)’ (i+k)’ DI (1-22)
where & 1s a packing factor, and kg is defined as the ratio of the intraparticle and
interparticle porosities.
k, = Zom (1.23)
€

In Eq. 1.22, the effect of 3 is incorporated into dy, Dup, Qiner, and £. The effect of these

parameters on d is discussed in more detail in Chapter 2.

1.4 Extra-column band broadening

In addition to the band broadening (dispersion) caused by the individual physical
processes present in a column, there are also band broadening effects from the extra-
column components such as the injector, connecting tubing, fittings, detector cell and the

electronic readout system [54, 55].

For example, connecting tubing is known to display a non-uniform velocity distribution
due to the laminar flow profile, usually parabolic in shape. As well, a sudden increase in
tube diameter creates a mixing-chamber effect, which increases band-spreading
significantly, making Gaussian peaks look like exponential decay curves under the worst

of circumstances. Related mixing behavior can also occur in any dead pockets with no
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direct flow through them. Slow response time of the detector also has a distorting,
broadening effect which results in asymmetry.

The additional dispersion produced by the extra-column devices adds to the observed
broadness of the peak as:

s =0 opurm + O (1.24)
Therefore, narrow, short tubing, zero-dead volume connectors, and fast detector
response-time are a must in high efficiency chromatography. Extra-column band

broadening will be dealt with in more detail in Chapter 6.

1.5 Methods of studying sorption/desorption kinetics in

packing particles

Sometimes, as when characterizing new column packings, it is desired to study
sorption/desorption kinetics and their relative contribution to column band broadening.
As well, the study of kinetics of sorption/desorption can lend deeper insight into the
physical properties of the existing stationary phases. Nevertheless, sorption/desorption
kinetics have been the subject of relatively few scientific investigations. The approaches
previously employed to experimentally measure particle sorption/desorption rates on
chromatographic packings can be grouped into three categories: column chromatography;

spectroscopy; and uptake measurements.
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1.5.1 Column Chromatography

In the column chromatographic approach, elution chromatograms are obtained for the
solute on a column of the packing being studied. The observed plate heights, Hos, are
then calculated from the observed elution peak, by obtaining the variance of peaks using
the method of moments [44] or by approximating the peaks as exponentially-modified
Gaussian [25]. The plate heights are plotted versus the linear velocity of the mobile
phase and these plots are evaluated in terms of a theoretical equation, involving a
summation of terms, such as given in Egs. 1.3 and 1.9, which relate them to physical
properties such as particle size and diffusion coefficients [56, 57]. A literature example

of such an equation this given by Horvath is [2]:

_2vDye  2Miup Bk +Krkgk)? 47 ul

ug o(Dy,/d)"?  (1+ky)*(1+k)* D
ak, +k'+kk)*  di u,. 2Ky,
30k, (1+k,)’ (1+k')* D, +(l+ko)(l+k')2kd

H
Uinger

(1.25)

where the first term is Hyp, the second is an alternative way to express Heoupic, the third is
Hiiim, the fourth is Hsy and the fifth 1s Hs. The form of the equation is slightly different

because it is written as a function of U instead of u.

The column chromatography can also be carried out by the frontal approach, where,
instead of injecting the solute, the solution containing it is continuously fed into the
column, until the front breaks through at the outlet. The shape of the edge of the front

also contains information about the band spreading of the elution peak [56].
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The column chromatographic method is quite convenient, because it uses the standard
equipment of liquid chromatography and, when the intraparticle kinetics are so slow that
they are the major contributors to chromatographic band broadening, the column
chromatographic approach can be readily used. For example, Muller and Carr have
studied the slow kinetics of dissociation of sugar derivatives by using silica particles
containing immobilized concanavalin A, a known lectin, in affinity chromatography
columns. They correlated the vanance of the elution peak with the kinetics of sorption
(i.e. complex formation)/desorption (i.e. dissoctation) step via a simple relationship.
They didn’t need to make large corrections for other band broadening processes
occurring in the column. In addition, they found a convenient way to measure the other
band broadening processes experimentally by performing a run with a sugar of the same
molecular weight, but with no affinity for the immobilized ligand [16-18]. McGuffin and
coworkers have also studied slow kinetics of sorption of selected compounds onto ODS

silica, and determined the kinetic parameters from the peak shapes [25].

The column chromatographic approach becomes problematic when the intraparticle
processes are fast enough that they do not dominate the band broadening. Under such
conditions, the variance and shape of the observed peak or front are the result of several
band broadening processes occurring in the column, as shown, for example in Eq. 1.25.
These include the eddy dispersion coupled with the mobile—phase mass transfer
resistance, the external stagnant film diffusion, and longitudinal diffusion, and even
extra-column band broadening, as discussed in sections 1.2 and 1.4. Each of these other

contributions, whether they be measured experimentally or estimated through theoretical
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equations, will have an uncertainty associated with them. All of these contributions to
band broadening must be subtracted from the overall peak variance in order to obtain the
intra-particle contribution by difference [2, 8, 11, 47]. This is particularly problematic
when the intra-particle kinetics are responsible for only a small fraction of the peak

variance.

Miyabe and Guichon have published close to thirty articles in which they study the
intraparticle kinetics on reverse phase octadesylsilane (ODS) silica gel packings. They
have recently reviewed their work [44]. Their main conclusion is that the intraparticle
mass transport in porous ODS silica occurs via surface diffusion along the walls covered
with the C-18 chains. Their analysis, however, suffers from the problems listed above,
which can lead to large uncertainties. Thus, it would be beneficial to confirm their result
by other methods. A large part of the work in this thesis is devoted to the study of
kinetics in porous ODS particles, and, as will become apparent, the results are in

qualitative agreement with those of Miyabe and Guichon.

1.5.2 Spectroscopic Methods

Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) has been used for the measurement of self-
diffusivity. Also NMR is now routinely used to measure diffusion rates in polymer
systems [58]. The pulsed-field gradient (PFG) method has been used for kinetic studies of

mass transfer inside stationary phase particles [32-36], and in columns. It has been
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applied for the study of the monolithic columns as well, and it is a powerful tool for

studying fluid dynamics in porous media.

The most important contribution of PFG NMR studies to intraparticle kinetics is the
measurement of tortuosity factors inside chromatographic stationary phases. For
example, tortuosity factors inside porous silica, porous zirconia, and PS-DVB have been
obtained in several studies and numerous data indicate that the tortuosity factors fail
within the range of 1.5 to 2.5 [32-36]. This is an important result, since there are various
theoretical equations for predicting tortuosity factors based on the particle porosity, but
they can vary in their predictions. For example the theoretically predicted value of
tortuosity can vary as much as an order of magnitude for the case when the particle
porosity is 0.5 [27]. Experimental measurements that narrow that range down are thus
indispensible. To the best of the author’s knowledge, with the exceptions noted below,
the solutes used for the kinetic studies were usually unretained, so NMR studies generally
have not been used to study the kinetics of sorbed compounds, which is obviously of
more interest from the point of view of chromatographers. In one case, diffusion of
retained molecules in zeolites has been reported [59]. In another example of a recent
study using high resolution magic angle spinning diffusion-ordered spectroscopy
(HRMAS-DOSY) diffusion was measured under retentive conditions in ODS silica, in
deuterated ethanol [60], and the obtaining of such kinetic information by NMR under

conditions typical of RP HPLC (aqueous/organic) may yet be possible.
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Another limitation to measurements of intraparticle diffusivity is the fact that high
magnetic field is required to measure small diffusion coefficients in porous polymers (D,
< 10 cm’/sec). Measurement of diffusion in porous polymers is additionally

challenging if two or more diffusion coefficients having very different values exist [45,

58].

Luminescence

Luminescence methods, involving pressure jump {20, 21], temperature jump [23], and
photon-induced dipole jump [24], are used to study the kinetics of the actual sorption
from the solution to the walls of C-18 — denivatized silica. These techniques study only
the chemical adsorption/desorption step described in Section 1.3.1 and do not provide
detailed information about other mechanisms in Section 1.3. The pressure- and
temperature jump methods involve a perturbation of the equilibrium and kinetic
constants, while the photon-induced dipole jump leaves them unchanged. Usually, the
solute has to be strongly fluorescent or phosphorescent, and often flat fused silica
surfaces are used as substrates, though silica gel particles have been successfully studied
as well [19]. The main results of these studies relating to RP HPLC is that for small
molecules the adsorption/desorption kinetics are fast enough that the actual
adsorption/desorption step from the pore solution to the C-18 derivatized wall is diffusion
limited (in the sense of a homogenous reaction) ; i.e. the process is as fast as the diffusion

of the solute to and from the pore wall.
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Fluorescence methods, such as fluorescence autocorrelation, fluorescence recovery after
photobleaching, and excimer formation have also been used to study surface diffusion
coefficients on ODS silica substrates, and valuable information has been obtained. The
diffusion coefficients observed for small molecules diffusing laterally across a C-18
surface range from about 2:107 to 6.5 -10° cm?/sec, with only a few cases exhibiting
lower diffusion coefficients [19, 4043]. In this regard they provided the first

measurements of surface diffusion in RPLC.

Other fluorescence-based techniques are fluorescence imaging [22] and single molecule
spectroscopy [43], which both have been used to study the unwanted strong adsorption of
cations onto the active silanol sites in silica gel. As well, confocal laser scanning
microscopy has been used to study intraparticle mass-transfer kinetics in 200 um porous
beads [61]. The Fluorescence imaging and confocal laser scanning microscopy methods
could be classified both as being fluorescence methods and uptake/release methods,

which are discussed in the next section.

1.5.3 Uptake/ Release Methods

These experiments involve some way of monitoring the approach to equilibrium after the
solvent surrounding the particles is suddenly changed to have a different concentration of
solute. Generally, uptake/release techniques do not change the equilibrium constants,
since only the concentration of the sample changes, while the solvent remains the same.
They can be performed either in a batch mode or a shallow-bed mode. The obtained

sorption/desorption rate curves are then fit to theoretical equations, which describe the
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uptake/release as either first or second order chemical reactions, spherical diffusion, film
diffusion, or a combination thereof. (i.e. any process described in Section 1.3 which
potentially contributes to rate control of sorption/desorption onto the particle). The
kinetic parameters, such as the chemical rate constants, diffusion coefficients inside the
particles, or the thickness of the diffusion film are obtained as the fitting parameters of

those equations.

Batch Mode

Kinetic uptake experiments are performed in a batch mode by placing sorbent particles in
a stirred solute-containing solution and measuring the amount of solute taken-up as a
function of time [29, 50, 62-64). The release kinetics are measured by placing sorbent
particles that have previously been pre-equilibrated with a solute into a stirred, solute-free
solvent and measuring the depletion of the solute in the particles as a function of time.
The measurement can be made by removing some of the sorbent particles, eluting the
sorbed solute and quantifying it; or it can be done by removing some of the mobile phase,
determining the concentration of the solute, and calculating, the amount of solute that has
been sorbed or desorbed. In the case of uptake experiments the concentration in the
solution would decrease as a function of time, and in the case of the release experiments
the solute concentration in solution would increase with time. A plot of the amount of
solute sorbed versus time is the sorption-rate curve, and the plot of the amount of solute
desorbed versus time is the desorption rate curve. ( Note that the fraction of the solute
desorbed from a sorbent equals 1 minus the fraction of the original solute still remaining

in the sorbent). The obtained (de)sorption rate curves are then fit to theoretical equations,
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which describe the uptake/release as either first order chemical reactions, spherical

diffusion, film diffusion, or a combination thereof.

If the slurry is stirred sufficiently fast, the Nernst diffusion layer around the particles can
be made very thin, so that intra-particle sorption processes determine the overall sorption
rate curve. If during the uptake experiment, the fraction of solute sorbed out of the
solution is very small, then solute concentration in the solution is essentially constant and
the batch sorption-rate experiment is said to have been performed with an “infinite
solution volume™ or under “infinite bath™ conditions. For the release experiments,
infinite bath conditions mean that the solute that desorbs into the solution does not raise
the concentration there significantly from zero. It follows that under infinite bath
conditions the sorption or desorption rates must be done by measuring the amount of
solute in the sorbent, and not the solvent phase. On the other hand, if the fraction of
solute sorbed from the solution is significant, the experiment has been performed with a
“finite bath volume™ or under “limited bath” conditions. Under limited bath conditions

the rates of reaction may be monitored in either the sorbent or the solvent phases.

In a variation of this technique a single sorbent particle is contacted with the solution or
with the solvent and the concentration of solute in the particle itself is measured as a
function of time. This has usually been performed without stirring in solution, and under

infinite bath conditions [37, 65].
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The stirred batch mode and single particle uptake/release measurements usually apply to
relatively large particles, with diameters ranging from 50 um to several millimeters or,
more generally, to cases where the intraparticle uptake/release rates are excessively slow.
This is because, under even efficient stirring, the Nernst diffusion film is relatively thick.
For small particles in a stirred bath the uptake/release rate would almost invariably be
controlled by film diffusion. However, it is small particles with diameters < 10pum which

are useful for HPLC.

The Shallow Bed Method

Uptake/release studies can also be performed in the shallow bed column mode (which
also has been called differential reactor, differential contactor, and zero-length column).
In this method, the sorbent particles are packed as an extremely short bed in a tube [28,
45, 46, 50, 62, 64, 66-74]. To measure the sorption rate, a solution of solute is caused to
flow at a high linear velocity, such that, at all times, the concentration of solute in the
effluent solution is nearly identical to that in the influent solution. All of the sorbent
particles in the shallow bed are therefore bathed in a solution containing, essentially, the
inflowing concentration of the solute. This creates infinite bath conditions if only fresh
solution is delivered. If the solute s recycled, then finite bath conditions are created [75].
Furthermore, if the linear velocity of solution is high enough, the Nemnst diffusion film
surrounding the particles in the shallow bed will be very thin, much thinner than in the
stirred bath conditions, so that intra-particle sorption rate will likely determine the
observed sorption rate. (There are examples, however, where shallow-bed and shallow-

bed like studies were used to measure the sorption/desorption kinetics under conditions
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where film diffusion was the rate limiting step [62, 64, 76].) The flow of solution is
allowed to proceed for vanous periods of time, after each of which the amount of solute

sorbed is measured.

Sorption rate curves have been obtained from shallow-bed measurements for the sorption
of naphthalene by the mesoporous PS-DVB HPLC sorbent Hamilton PRP-1 [28, 46].
Rate curves have also been obtained for the sorption of naphthalene by the nominally
nonporous PS-DVB sorbent Hamilton PRP-o [28, 71]. It was shown that in both cases
the rate of sorption is controlled by diffusion through the polymer matrix, and that this
slow diffusion is the cause of the excessive band broadening that these packings exhibit

with polyaromatic compounds such as naphthalene.

From the uptake/release methods, only shallow bed studies proved capable of measuring
kinetics inside HPLC packings [28, 46]. The shallow bed technique is attractive because
it can be applied to a wide variety of solutes, since the detection of the amount of solute
is done after it has been eluted from the sorbent. A disadvantage of operating in the
sorption mode is the labor- intensive and time-consuming nature of the experiments.
Each expeniment yields the amount of solute sorbed at only a single loading time.

The shallow-bed technique can also be used to measure particle desorption rates. The
particle-packed bed is first pre-equilibrated with a solution of the solute and then solute-
free solvent is caused to flow through the bed to desorb the solute. By placing a detector

downstream of the bed the entire plot of the desorbed solute concentration vs time is
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obtained in one experiment as the detector signal decays toward zero with time [62, 64,

66).

There is a challenge in adapting the continuous monitoring desorption method to the
study of fast kinetics. As the solute travels between the shallow-bed and the detector, the
instrument components through which this flow occurs (e.g. bed outlet frit, connecting
tubing, detector cell, detector time constant) produce instrument (i.e. extra-column) band
broadening. Therefore, the solute concentration detected may be very different from that
which actually leaves the bed. This effect will not be very important if the process
studied is relatively slow, with half-lives on the order of tens of seconds and more; but to
study faster kinetics this effect needs to be minimized. The subject of this work is to
develop the instrumentation and the data analysis to minimize the effect of this extra-
column solute zone dispersion, in order to advance the shallow-bed desorption method to

the study of fast, sub-second, intraparticle desorption kinetics.

The first part of the work is to develop the appropriate data processing steps and to
confirm the feasibility of the technique (Chapter 3). The desorption of naphthalene from
20 pum polymeric particles of PRP-c0 in 70/30 MeOH/H;0 1is chosen as the solute-
sorbent-solvent system to be studied. The reasons are that the diffusion coefficient of
naphthalene inside PRP-co particle is slow, and that it was previously measured. This
makes the design of the instrument simpler and allows comparison of the observed
intraparticle diffusion coefficient to the literature value. The digital data processing

techniques (Section 2.2) such as deconvolution and filtering allow corrections for
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experimental artifacts due to instrument band broadening and extra-particle solute, after
running a separate desorption experiment on an unretained, excluded compound,
phloroglucinol. The results are fit with a spherical diffusion model (Eq. 2.1), and the
measured particle diffusivity of 5 x 10™"! cm? sec™ is found to be statistically
indistinguishable from the observed literature value. This successfully demonstrates the

feasibility of the instrumental and data-processing approach.

The second, more difficult part of the work is to develop an instrument capable of
measuring sub-second desorption kinetics, in order to further advance the shallow-bed
method. Some of the challenges include placing the detector very close to the shallow
bed (about a millimeter), while maintaining dependable seals. Other issues to be
addressed include the partial automation of the instrument, rapid data acquisition, as well
the development of proper preparation (packing) of the shallow bed, in order to yield
reproducible and reliable data. As well, the new instrument requires a modified approach
to data processing (described in Section 2.2.5). The basic instrument design (Chapter 4)
is based on a modified stopped-flow apparatus, interfaced with a solvent-delivery system
(constant pressure pumps) via an array of computer-controlled electronic valves. The
shallow-bed i1s prepared through a packing procedure which includes the use of

microfabricated grids, the purpose of which is to stabilize the packing structure.

The first solute / particle / solvent studied with the second instrument is naphthalene /
PRP-1 / 85% MeOH (Chapter 4). PRP-1 is an HPLC polymeric sorbent, 10 um particle

diameter. The kinetic data reveal that there are two intraparticle diffusivities. The faster
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process is found due to mass transport through the mesopores of PRP-1, though extra-
particle film diffusion is identified as partially rate limiting. The slower process, taking
about 60 seconds to complete, invoives matnix diffusion through the skeleton made up of

microspherical aggregates of the cross-linked polymer.

The second and final solute / particle / solvent system studied is 1,2-dimethyl-4-
nitrobenzene /Luna C-18 (12 um )/ 50% aqueous MeOH (Chapter 5). LunaC-181sa
porous ODS packing, with a particle diameter of 12 um. The desorption of the 1,2-
dimethyl-4-nitrobenzene is completed in about 0.5 sec and the kinetic data indicate that
particle and film diffusion are both rate-limiting under the conditions studied. Itis
determined that surface diffusion comprises more than 90% of intraparticle transport for a
compound with a high retention factor. Finally, the effect of surface diffusion on band
broadening of elution peaks in column chromatography is studied to reveal that surface

diffusion can significantly decrease band broadening due to intraparticle mass transport.

To complete this work, Chapter 6 is an investigation into the sources of bandbroadening

in the newly developed shallow-bed apparatus. This work identifies ways in which the

extra-shallow bed distortions can be minimized in the future.
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Chapter 2:  Theory for uptake/release kinetics

In this chapter are described the mathematical aspects of uptake/release experiments, and
in particular of shallow-bed desorption experiments. A novel aspect of this work is the
use of an “impulse response function marker” (IRF-Marker) to correct desorption rate

curves for instrumental artifacts by means of subtraction and deconvolution.

2.1 Sorption/Desorption Rate Curves

It is assumed that in all cases the equilibrium conditions occur in the linear part of the
sorption isotherm: 1i.e. that the equilibrium ratio of sorbed solute concentration to the

concentration of solute in solution is a constant.

2.1.1 Spherical Particle Diffusion

Nowadays, the majority of packings used in HPLC have a spherical, as opposed to
irregular, shape due to their better performance when packed in a column [1]. This is
advantageous for uptake/release kinetic studies, because the process of diffusion in a
sphere is rather easily described by mathematical equations. The equation below is the
theoretical cumnulative (integral) rate equation which describes intra-particle diffusion
into or out of a spherical particle under infinite-bath conditions, which were described in
Section 1.5.3, above [51, 77]. In this equation n(t) is both the number of moles of solute

that has diffused into the particle by time t during a sorption experiment, and the number
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of moles of solute that has diffused out of the previously equilibrated particle by time t

during a desorption experiment.

ni(t)=ni.0[l—FZ}?e %J .1

=t

The parameter n; is the total number of moles of solute in the particle at sorption
equilibrium which can be expressed in terms of the distribution coefficient for the solute
k; (L/gram), the mass of the packing in the shallow-bed, msg, and the concentration of the

solute 1 in the mobile phase (solvent) [i]me.

n; o =K; [1]mp msp 2.2)
For the uptake experiment, [i}mp simply means the concentration kept in the solvent
during the uptake, while for the release experiments, [i]mp is the concentration of the

solute in the mobile phase (solvent) used to pre-equilibrate the sorbent.

The parameter B (s') is related to the intra-particle diffusion coefficient D; (cm® sec™') and

to the radius of the spherical particle r (cm) as follows:

p==D. 23)
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This is true for both diffusion through pores and diffusion through a gel. The expression
for D; in porous particles is given in terms of solution- and surface- diffusion coefficients
by Eq 1.11- 1.16. Expressions relating D; for a gel to free-volume inside the gel are
reviewed in the literature [49, 71]. When spherical diffusion is the process which
controls the observed sorption/desorption rate then the experimental plot of n(t) vs t can

be fit with Eq 2.1 using non-linear regression. The two fitting parameters are §§ and n, .

In certain cases, the intraparticle diffusion occurs with two diffusion coefficients. This
can sometimes happen with polymeric sorbents when a particle has macro/meso pores
through which diffusion is relatively unhindered, and the matrix consists of micropore
and/or gel regions where diffusion is severely hindered. In such polymeric sorbents the
polymer matrix is present as agglomerates of fused microspheres. The micropores and
gel are in the agglomerates while the macro/meso pores are spaces between the
agglomerates [49, 71]. Mathematically, this case is difficult to solve unless the two
processes differ widely in time scales, such as when the macro/meso pore diffusion is so
much faster than the micropore diffusion that equilibrium for the former process is
achieved almost instantaneously on the time scale of the slower process. Then the overall
cumulative (integral) sorption/desorption rate curve will be the sum of two spherical
diffusion processes. Assuming that the agglomerates have a roughly spherical shape and

are relatively uniform in size, ni(t) is approximated by the expression [28, 78]:

n,(t) = n‘;m(l - %Z'l? e VP ] + nLo:[l - %Z’!z— c-;ls,z) (2.4)
T

1=1 n 1=l J
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where n;; is the number of moles of solute sorbed onto the walls of macro/mesopores in
the particle at sorption equilibrium, and n ¢ is the moles of solute sorbed within the
matrix at sorption equilibrium. P, is the same as in Eq. 2.3, where D, is described by Eq.

1.11 which applies to diffusion within the macro/mesopores. PB;is defined as:

B, =" (2.5)

where Inicrosphere s the radius for the ‘microspherical aggregate’ within the particle, and
Drmarix is the diffusion coefficient within the matrix that makes up the microspherical

aggregate. As for Eq. 2.1, Eq. 2.4 applies under infinite bath conditions.

2.1.2 Film Diffusion

When sorption/desorption is controlled by the external mass transfer through the Nernst
diffusion film, a ngorous analytical solution which describes the rate of uptake/release is
available under the steady-state assumption, i.e. assuming a linear concentration gradient
through the film. This assumption is valid after a very short lag time (i.e. several orders
of magnitude less than the half time of film diffusion controlled uptake/release) which is
needed to establish the steady-state conditions across the film [51]. The uptake/ release

cumulative rate curve has a form of a simple exponential under these conditions:

ni(t) = nio (1 —e™) (2.62)
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where [i]pan is the equilibrium molar concentration inside the particle in the sorption
experiment and the pre-equilibrium concentration in the desorption experiment ( in units
of moles solute in particle per unit volume of particle). The rate of the process is thus
proportional to the diffusion coefficient in the film and to the concentration of solute in
the mobile phase, and is inversely proportional to the film thickness, the particle radius,
and the equilibnum concentration of solute in the particle. Thus, even though the mass
transfer is limited by the external film diffusion, properties of the particle itself also have

an effect on the rate of sorption/desorption.

The thickness of the diffusion film (5) can be derived theoretically only for selected
cases, such as flow around a single sphere, or flow over a planar surface, or flow inside a
cylindrical tube [53, 79, 80]. In other cases it has to be deduced from empirical
correlations. For packed columns, several empirical correlations have been developed,
mostly found in the chemical engineering literature. These treatments are briefly

reviewed here.

Instead of §, chemical engineers use the dimensionless Sherwood number (Sh) [51, 53]:

Sh= =-— 2.7)

41

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




where k¢ (cm s™ ) is the mass transfer coefficient through the film. This quantity is also

often used by engineers and is defined as [51, 53]

k== 238)

To calculate the Sherwood number, it is first necessary to obtain the Reynolds number

(Re) and the Schmidt number (Sc).

The Reynolds number, in the case of flow past a sphere is defined as [51, 53]

Re=2 ‘is d (2.9)

where us is the superficial velocity calculated as simply the volumetric flowrate divided
by the cross-sectional area of the column (without regard for porosity), and v is the

kinematic viscosity defined as the viscosity of the solvent divided by its density.

v=a (2.10)
P
The Schmidt number is independent of flowrate and is defined as [51, 53]
42
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Sce=— 2.11)

For packed beds, textbooks quote the following expression of Sh, proposed by Wilson

and Geankoplis [53, 81]
. 13 13
sh=LOReSA” 109 (2u,r ) ooy 00015 <Re<sS @.12)
€ iner € muer k Dy }

However, other correlations have also been developed. Kataoka et al. proposed [82]

1/3 173 1/3
-€. 1-
Sh=l.85(1 8“‘“) (Re-Sc)"3=1.85( 8“‘“} [2“”) (2.13)

smer DMP

mter

These correlations are the most modern of the ones reviewed. They have the same
dependence on the velocity and particle diameter. The effect of kinematic viscosity is
cancelled when the Re and Sc numbers are multiplied. The only difference in these
relationships is the dependence of the proportionality constant preceding (Re-Sc)'” on the
interstitial porosity. For example, for €ner = 0.4, which is most common for particulate
HPLC columns, these values preceeding *(Re-Sc)'”" are 2.7 and 2.1 for the Wilson-

Geankoplis and Kataoka relationships, respectively.
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In the classic book by Helfferich equations for  proposed by Gilliland 51, 83}, and by
Glueckauf [S1, 84] are cited. However, the results are considered less accurate than

those of the two more recent equations cited above.

There is no easy way to choose whether one should use the Wilson or the Kataoka
equation for . They both have the same relationship with respect to fluid velocity,
particle size, etc, except for the porosity of the packed bed. Their magnitudes differ by
approximately 25 %. The approach used in this thesis is to average the two values which

are obtained from Eq 2.12 and 2.13.

2.1.3 Intermediate range between film and particle diffusion

A rough criterion for the relative contribution of intra-particle diffusion and external film

diffusion to sorption/desorption rate is [50, 51].

o[l D 3

[l D, 1 @14

When X << 0.13, particle diffusion is rate~limiting, and when X>> 0.13, film diffusion is
limiting. When the value of X is approximately 0.13 both processes significantly

contribute to the mass transfer control.
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At first glance, the influence of the resistance to-mass transfer through the external film
of solvent surrounding the particles may seem to be minor. This is because in a
particulate HPLC column the thickness of the film (3) is thought to not exceed 20% of
the particle radius (r) [S0, 51, 81, 82, 84], and also because the diffusion across the film is
unhindered and non-tortuous. When compared to the flux due to sorption-retarded pore
diffusion (SRPD, see Eq. 1.16) film resistance is indeed expected to be minor. However,
when the mass transfer inside the packing is supplemented with an additional process like

surface diffusion, the situation could reverse [44].

When both particle and film diffusion contribute to diffusion rate control an analytical

solution has been offered, again assuming linear concentration profiles in the film. It
only applies to the case of infinite solution volume (infinite bath conditions ) [50, 51].

The expression for the cumulative rate curve is:

66° 'fA" sinz(m,, ) (.p,mit)

n(t)=n,— < e (2.152a)
- n=1 mn
where
g = e Due_ (2.15b)
[ilen D. &
_(m, 0’ +@r-1)° 2.150)
" (m,r)’(@r-1)6r
the quantities m, are the roots of the equation
m,r =(1 —0r)tan (m, 1) (2.154d)
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Another way to solve this problem is to do numerical modeling of the situation [56, 76,
77]. This technique doesn’t make any assumptions as to the concentration profiles in the

film; however, it will not be used in this work.

2.1.4 Chemical kinetic control

The “chemical” reaction of interest to chromatography is the actual step of
adsorption/desorption onto the surface of the stationary phase from the mobile phase
adjacent to it. For example, in ODS the chemical adsorption step occurs when a
molecule of solute i in the pore liquid immediately adjacent to the C-18 stationary phase
enters that phase. In affinity chromatography, this adsorption step is when the solute i
molecule in the pore liquid binds to the immobilized ligand. Anal'ytical chromatography
usually occurs under trace conditions, or in the linear region of the sorption isotherm,
which is to say that the concentration of free surface sites is much larger that the
concentration of the sites occupied by the bound solute i. Thus, adsorption kinetics occur
under pseudo first-order conditions. This discussion will only relate to reactions that

follow first order kinetics. Consider a porous particle at equilibrium, where, by definition:

K4 [1sorbed]part = Kad [iporeJpan (2.16)

where, k.4 and kg4 are adsorption and desorption constants (s") for the sorption step and

[ipore]pan is the equilibrium concentration of solute i in the particle pores, in units of moles
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of i per volume of particle, and [isoed]pant is the sorbed concentration, also in units of

moles per volume of particle. This makes:

Bt Ky _ ¢ (2.17)

[ ore Jpue

where R was previously defined as the ratio of moles sorbed to moles in the particle

pores, at equilibrium.

If an uptake/release experiment were to be performed on a particle where the chemical
adsorption/desorption step is rate-limiting, the following equations give the cumulative

sorption/desorption rate curves:

R V, RV,
(t)=n,, {l-—— = expl-| 1+—E |k,t ; limited bath 2.1
n,(t) nw{ R+1V, p[( v, J d]} mt a (2.18a)

n,(t)=n, {1 - RR l exp [- k dt]} ; infinite bath (2.18b)
<+

where Vsp, Vpam, and Vr are the volume of the porous particies, volume of the bath
surrounding the particles, and the total combined volume, respectively [77]. The
previous sections considered sorption/desorption rate curves under only infinite bath
conditions, but both infinite bath and finite bath cases are considered in Eq. 2.18 to better
illustrate the difference between homogenous and heterogeneous kinetics. From

homogenous kinetics, one would expect the observed rate constant to be [85, 86] :
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Kobserved homogenous = Kad + kg (2.19)

However, this is not the case in heterogeneous kinetics. Eq 2.18a is analogous to that for
a reversible chemical reaction. The apparent rate constant for Eq 2.18a is ( 1 + RVgp/
V1)ky. Its value depends on the volumetric ratio of Vsp/ V1. Only if Vgp/ V1 is equal to
1, which is when there is no extra-particle fluid, would Kopserved €quial Kobserved homogenous-
Of course, under these conditions no sorption/desorption would occur at all. When a
shallow-bed experiment is carried out under infinite bath conditions, where Vsp/ V7 is
equal to zero, the observed rate constant will always equal kg, as in Eq 2.18b. This is true
for the sorption as well as the desorption experiment [77]. Thus, the fact that a
sorption/desorption proccss is observed to have the same kinetic parameter for both
sorption and desorption reactions, is not evidence that the process is mass-transfer

limited.

2.1.5 Intermediate range between chemical control and particle

diffusion

This case has been treated extensively by Crank and the references therein [77]. A
discussion of this topic will not be carried out here, since the rate laws become very

complex, and the results are not of direct interest here.
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2.2 Observed Rate Curves and Data Processing

In this thesis desorption rate experiments are performed in two different designs of the
shallow-bed instrument, Type [ and Type II. Fig. 2.1 shows a Type I shallow-bed
instrument, based on a slider valve. The shallow-bed of particles is placed in a slider,
which can move between two flow channels. Channel 1 contains the solution of solute in
the soivent (mobiie phase) while channel 2 contains the mobile phase alone. The shallow-
bed is pre-equilibrated with solute i in channel 1, but the detector is in channel 11, where
only the solute- free solvent flows. This situation is shown in Fig. 2.1 A. The shallow-
bed must be physically moved from channel 1 to channel 2 as shown in Fig. 2.1 B, after

which the flowing solvent can start the desorption run.

In the second case, the shallow-bed is pre-equilibrated with solute i in the same channel
as the detector, as shown in Fig. 2.2. Here both channels 1 and 2 meet just upstream of
the shallow-bed. In this case, the shallow-bed is not moved, but the flow is controlled by
remote valves (not shown). The shallow-bed is pre-equilibrated with solute i by only
allowing flow through channel 1. This is followed by replacing the solution of i with the
solvent alone by allowing the flow to go from channel 2 into channel 1 as shown in Fig.
2.2 B, again by using remote valves. The final step, shown in Fig. 2.2 C is to flow the

solvent solution from channel 2 through the bed and towards the detector.
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Fig 2.1 Type I Shallow-bed desorption instrument. (A) loading. (B) desorption
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Fig. 2.2 Type II shallow-bed desorption experiment. (A) load step. (B) flush-out step.

(C) Desorption Step.
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The most important difference between Type I and Type II shallow-bed instruments is
what happens once the desorption steps starts. With the Type I instrument, in Fig 2.1 B,
the solute in the pre-equilibrated shallow-bed from Fig 2.1 A can be thought of as being
injected into a stream of solvent when the slider is switched. With the Type II
instrument, in Fig 2.2 C, switching of the liquids upstream initially finds solute i in the
pre-equilibrated shallow-bed, the outlet tubing, and the detector, and this is followed by
flowing of pure solvent into them. These two cases are discussed in more detail in

subsequent sections.

2.2.1 Effects of band broadening in Type | shallow-bed instrument

Fig. 2.3A shows an idealized version of the instantaneous (differential) rate curve which
can be expected when a shallow-bed, previously equilibrated with solute 1, is placed in a
flowing stream of eluent (solvent or mobile phase), such as depicted in Fig 2.1. At time
zero, the desorption starts and the solute leaving the bed travels to the detector (e.g an
absorbance detector). Because the flow velocity is necessarily high in order to achieve
shallow-bed conditions, the portion of solute which is washed from the extra particle
spaces would appear as a very narrow absorbance spike which is labeled as I in Fig.
2.3A. On the other hand, the portion of solute which is desorbed from within the
particles would appear as a decaying absorbance signal. This is shown as the line
bounding the shaded part of Fig. 2.3A and is labeled as II. Only curve II is related to the
desorption rate. The more strongly sorbed the solute (larger value of distribution

coefficient x;) the smaller is the ratio of moles in the spike to moles desorbed.
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Fig 2.3 Simulations of curves associated with continuously monitored instantaneous
desorption rate of solute i from a shallow-bed in the type I instrument. (A) Idealized rate
curve including the spike of i from extraparticle spaces (I) and the curve for desorbed i
(II). (B) Observed rate curve showing displacement and band broadening of the spike

(IIT) and of the desorbed solute 1 (IV). (C) Observed peak for the IRF-Marker (V).
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Figure 2.3 A is idealized. In reality the flow of solute between bed and detector requires
time and, more importantly, the instrument components through which this flow occurs
(e.g. bed outlet frit, connecting tubing, detector cell, detector time constant) produce
instrument band broadening (i.e. solute zone dispersion) [54, 55]. The result of this is the
solid line bounding the whole area in Fig. 2.3 B. The part of this plot that is associated
with the desorbed portion of solute is shaded, just as it is in Fig. 2.3A, and it is labeled

IV. The part associated with the broadened spike is not shaded and is labeled II1.

2.2.2 Correcting for band broadening in Type | shallow-bed

instrument

In order to obtain curve II from the whole of curve (III + IV) in Fig. 2.3B, the following
strategy is employed. The desorption experiment described above is performed also on a
solute which does not enter the particles in the bed and is not sorbed by them. Such a
solute can be called the “impulse response function marker™ (IRF-Marker). Curve V in
Fig. 2.3 C is a simulated plot of A(t) vs t such as might be observed for an IRF-Marker.
The center of gravity of this somewhat asymmetric peak is displaced from zero along the
time axis by the transit time between the bed and the detector. It has a non-zero width as
a result of the same instrument band broadening processes that are experienced by solute
1. The IRF peak is used in two ways after its A(t) values are rescaled via multiplication

by Eq. 2.22.
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Scaling factor = Valihet, (2.20)

In this equation Vy, is the hold-up volume of solution between the particles in the bed (it
has the same value for both solute i and IRF-Marker); ¢ and egrs are the molar
absorptivities; and [i]mp and [IRF]yp are the concentrations of solute i and of IRF-Marker
in the mobile phases that were used to pre-equilibrate the bed and which are therefore

present in the hold-up volume at the beginning of the desorption step.

The re-scaled values of the IRF peak are first subtracted from the A(t) values of solute i
in Fig. 2.3 B at corresponding times. The remaining difference is curve IV. The second
use of the IRF peak is to dcconvolve curve IV as described in the next subsection.

Deconvolution yields curve II, which is the desired quantity.

2.2.3 Convolution and Deconvolution

Many signal-distorting effects which occur in nature and in instrumentation, can be
described by mathematical convolution [87-90]. For example, when an unretained
compound is injected as a very narrow zone into an HPLC column, it undergoes band
broadening by several processes, such as longitudinal diffusion, non-linear flow profile in
the channels between the packed particles, nonlinear flow profile in the connecting tubing

and in the detector cell, etc. so that its elution is recorded by the detector not as a narrow
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spike, but as a broader peak, often slightly asymmetric. Similar band broadening
processes occur when 2 solute leaves the shallow-bed and flows towards the detector,

though their relative contributions are different from those in an HPLC column.

Consider a sample zone which has some initial distribution of concentration vs. time fi(t)
passing through a device which causes band broadening of the mathematical form fi(t).
Function fi(t) is the input function, while fx(t) is the impulse response function (IRF),
which is also called the instrument response function or the system response function.
The IRF describes the concentration-time distribution (or waveform) that would exit the
system if the input function had been an impulse, or a waveform of zero width. If the
input function f;(t) is not an impulse, but both it and the IRF, fi(t), are known beforehand,
then the shape of the waveform exiting the system through Cveran(t) can be predicted by

performing the convolution of the two functions:

Con M= [F(€) f,(t-t)dt @21
where
vt=t+¢

and t. 1s the center of gravity of the function f;.

If one is dealing with experimental data in digital form, convolution can be performed
numerically. In this case the data for f(t) and fi(t) should be obtained at equal time
increments At. The most computationally efficient way to perform convolution involves

the use of the Fourier transforms. Two functions can be convolved by taking the Fourier
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transforms of fi(t) and fx(t), symbolized as F (v) and Fx(v), multiplying the two
transforms together, and then performing an inverse Fourier transform on the product to

obtain Coveran(t). This operation is shown in Eq. 2.22 [87-90].

F1(v) - F2(v) = Foveran(v) (2.22a)

Foverati(v) — inverse FT = Coveran(t) (2.22b)

Conversely, if one knows the IRF function f(t), and the final waveform Coveran(t), but one
doesn’t know the input function f;(t), it is possible to obtain fi(t) by the process of
deconvolution. Deconvolution of digital data is also performed efficiently through
Fourter transformations. In this case the Fourier transform of C,yernn(t) is divided by the
Fourier transform of f5 to obtain the Fourier transform of fi(t). An inverse transformation

then yields the input function fi(t) [87-90].

F ovmll(v)/ FZ(U) = Fl(v) (2'233)

Fi(v) — inverse FT — = fi(t) (2.23b)

This procedure can also be applied to obtain f5(t) when only Coveran(t) and f;(t) are known.

Convolution of two functions of areas al and a2 will result in Cyveran(t) with the area

which is the product of al and a2. Likewise, during deconvolution of Coyeran(t) with f2(t),

the resulting area will be the result of division of the area of Cveran(t) by area f(t), a2.
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Therefore, the area under the curve of the IRF, or f(t), should be made equal to 1 before

convolution/deconvolution is done.

In the case considered in the previous section, it is curve IV of Fig 2.3 B which is
considered as the Coveran(t), while the IRF, or fx(t), is obtained by injecting a pulse of an
IRF-marker compound, exemplified by curve V in Fig 2.3C. We can therefore extract
fi(t), which is curve II of Fig 2.1 A by deconvolving curve IV with curve V of Fig 2.3 C.

Prior to deconvolution, we have to normalize curve V so that its area is equal to one.

Frequency filtering in Deconvolution

One problem encountered in performing deconvolution is the effect of noise. Fig. 2.4 A .
shows an observed waveform for a desorbed solute, and Fig. 2.4 B shows an
experimentally measured IRF waveform, normalized to make its area equal to 1. Shown
in panels 2.4 C and 2.4 D are the absolute magnitudes of their respective Fourier
transforms. (Fourier transforms yield complex numbers; i.e. numbers with real and
imaginary terms. For simplicity only the overall magnitude is shown in Fig 2.4. The
magnitude is obtained by multiplying each complex number by its complex conjugate
and taking the root of the product.) We see that a typical FT has its largest value at
frequency of zero Hz (which corresponds to the area under the curve in the time domain),
and it decays slowly towards zero at higher frequencies. Every measurement carries with
it a random uncertainty, or noise, which is also present in its Fourier transform. When

the amplitude of the Fourier Transform falls towards zero, noise dominates it, and
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Fig 2.4. Deconvolution using Fourier transformation (FT) without filtering. (A)
experimental C(t)overall. (B) experimental IRF peak fx(t) normalized to give area of 1.
(C) and (D) Amplitudes of the Fourier Transforms of panels A and B, respectively. (E)
the result of the division of FT from panel C by FT from panel B; (F) The result of
inverse FT of the quotient, the amplitude of which is shown in panel E. All Fourier

spectra have been cut off at 150 Hz for better viewing, but they go up to 1000 Hz.
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the amplitudes range from zero to some upper value in a random fashion (i.e. independent
of the frequency value). The problem in deconvolution arises when one spectrum is
divided by another, because in some cases division by very small numbers takes place,
giving rise to very large magnitudes at (random) high frequencies. This is illustrated in
Fig 2.4 E, where the results of the division show random high values at frequencies above
70 Hz and, especially, after 90 Hz. When such a noisy quotient is taken through the
inverse FT, the resulting function is plagued by high - frequency noise, as seen in Fig 2.4
F. This is the reason why frequency filtering has to be performed in the Fourier domain.
Fig 2.5 shows the exact same steps as Fig 2.4, up to and including panel E. Shown in
Fig. 2.5 F 1s a frequency filter with which the noisy FT in Fig 2.5 E will be multiplied.
The filter has a value of 1 until the frequency of S0 Hz, after which the values decrease in
a linear fashion unti] they become zero at 70 Hz. This is called a trapezoidal filter, and it
can be described mathematically by the coordinates of its corner points {(0, 1); (0, 1);
(50,1) ; (70, 0) }, where the first number denotes the frequency and the second number
denotes the filter value at that frequency [88]. After applying (multiplying by) this filter,
low frequencies are unchanged, while the parts of the FT where noise dominates are
multiplied by zero. The product of this multiplication can be seen in Fig 2.5 G. When
the inverse FT is performed on it, the resulting deconvolved function is much smoother

than in the absence of filtering (i.e. compare Fig 2.5 G with Fig 2.4 F).

The reason why the filter is a trapezoidal function and not a simple square cut-off, such

{(0,0);(0,1);(50,1); (50, 0) } is because the trapezoidal works better in the sense that
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Fig 2.5. Deconvolution using Fournier transformation (FT) and frequency filtering. (A-E)
Exactly the same as in Fig 2.4. (F) The spectrum frequency filter function (only made up
of real numbers). (G) The result of complex multiplication of the quotient in panel E by
the filter in panel F (H) The result of inverse FT of the filtered quotient, the amplitude of
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viewing, but they go up to 1000 Hz.
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a sharp cutoff filters generate “ringing noise™ in the deconvolved function[87] while

trapezoidal filters reduce this.

2.2.4 Effects of band broadening in Type Il Shallow-bed Instrument

In Fig. 2.6 is shown an idealized version of the observed instantaneous rate curve which
can be expected under conditions shown in Fig 2.2. In this version of the desorption
experiment the solute is passed through the shallow-bed and the detector until
equilibrium is achieved. During this equilibration step, the signal rises until it reaches a
plateau, corresponding to the full concentration of solute passing through the shallow-bed
and detector. (The rise in concentration until plateau is reached is not shown in Fig. 2.6.)
Then, the flow is switched b.y means of an upstream valve system so that instantly solute-
free solvent starts flowing through the bed (start time). The pure solvent displaces the
solute-containing solution that is present around the packing particles in the shallow-bed
and in the tube between the shallow-bed and the detector, and it initiates desorption of
solute from inside the particles. Fig. 2.6 A shows what the detector would see in a
system where band broadening would be absent. It takes a finite time ( e.g. tens of
milliseconds) for the solvent front to reach the detector. Until then, even though the fluid
1s moving past the detector, the concentration passing through it is still at its plateau
value. At the time where the front of solvent reaches the detector, the concentration of
solute originally present outside of the particles would rapidly decrease to zero. This
time should be marked as the zero time for the kinetic run, and the amount of time

between the start time and zero time can be called the delay time.
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Fig 2.6 Simulations of curves associated with continuously monitored instantaneous
desorption rate of solute i from a Type II shallow-bed instrument. (A) Idealized rate
curve including the drop-off of 1 from extraparticle spaces (dashed line) and the curve for
desorbed 1 (shaded area). (B) Observed rate curve showing displacement and band
broadening of the drop off (dashed line) and of the desorbed solute 1 (shaded area)
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As the extra-particle solute is displaced from the shallow-bed, the solute inside the
packing starts desorbing and is carried by the solvent towards the detector. In the
imagined system with no band broadening, this desorption signal would get to the
detector at the same time as when the signal from the displaced solute dropped down to
zero. Overall, after the “start time”one would see a delay time where the signal would
remain at the plateau value, followed by a sudden drop, after which the only signal seen
would be the desorption signal. In such and idealized, dispersion-less system neither the
solute molecules originally present between the particles nor those originally present
between the shallow-bed and the detector interfere with the signal from the actual
desorbing solute. The real life situation includes dispersion, where both the sharp drop-
off in signal and the desorption signal are broadened with respect to time. This causes the
signal from the desorbing molecules to overlap with the signal from the sample present
outside of the packing. Furthermore, the true zero time is not visually identifiable

anymore. Such a more realistic example is shown in Fig. 2.6 B.

2.2.5 Correcting for band broadening in Type Il shallow-bed
experiment, including deconvolution

In order to obtain the shaded part of Fig 2.6 A (i.e. the desorption curve) from the whole
of Fig. 2.6 B, the following strategy is employed. The desorption experiment described
above is performed at the same flowrate on an IRF-Marker, just as in case 1. The
desorption curve of the IRF-Marker (i.e.IRF-Marker curve) will look like the dashed

curve in Fig. 2.6 B, provided that it is first scaled as shown by Eq. 2.24 :
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where Ag; is simply the absorbance of the equilibrating solution of solute i, and Ag gr is
the absorbance of the equilibrating solution of the IRF marker. These values are easily
obtained by measuring the difference between the plateau absorbance at the start time and
the baseline absorbance value which is obtained at the end of the run. (NOTE: the end of
the run is not shown in Fig. 2.6) The IRF-Marker curve is used in two ways. First, after
re-scaling, itis subtracted from the overall A(t) values of the solid-line curve for solute i
in Fig. 2.6 B at corresponding times. This subtraction gives the shaded part of Fig. 2.6 B,
which is the broadened desorption signal. This step is analogous to what is done for data

from the Type I instrument.

The second use of the dashed IRF-Marker curve is to generate an IRF (i.e. a peak) in
order to deconvolve the shaded part of Fig. 2.6 B. The IRF-Marker curve cannot be used
directly as the IRF, because it wasn’t injected into the system, such as in the Type |
instrument, but rather it is the rear boundary of a frontal zone. In engineering literature,
the shape of a frontal chromatogram resulting from a step input, which is normalized so
that its plateau value is equal to 1, is called the F-curve [55, 91]. The shape of the IRF
(which is called the E-curve, or the C-curve in engineering literature [55, 91}) is

mathematically related to the F-curve by the expression :

IRF = (E -curve):ﬂidtcm (2.25)
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In other words, since an elution peak is proportional to the E-curve and a frontal
breakthrough is proportional to the F-curve, an elution peak is proportional to the
derivative of a breakthrough curve. In our case, however, the IRF-Marker curve is
analogous to the reverse edge of the breakthrough curve in frontal chromatography, so a

negative sign is needed:

F-curve = (-1) - IRF-Marker curve (2.26)

Equation 2.26 is valid when the IRF-Marker curve is scaled in such a way that the plateau

value is equal to 1 and the final value is equal to zero [55, 91].

Thus, to obtain the IRF:

d (IRF - Marker curve)

~ (2.27)

IRF =(E -curve)=(-1)-

Once the IRF is obtained via Eq. 2.27, deconvolution and filtering are carried out on the
shaded part of Fig 2.6 B, as described in section 2.2.3 in order to obtain the shaded part of
Fig 2.6 A which 1s the corrected desorption rate curve. The deconvolution process is the

same as what is done for data from the Type I instrument.
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2.2.6 Obtaining a cumulative (integral) desorption rate curve from the
corrected instantaneous rate curve

So far in section 2.2, for both the Type I and Type II instruments, the topic has been to
correct the observed instantaneous desorption curve of A(t) vs t for the effects of band
broadening and noise. As discussed, the proper way to extract the true instantaneous
desorption curve is to perform the same experiment on an unretained, excluded solute,
called the IRF-Marker. The IRF peak is then used to perform two tasks. In the first
operation it is subtracted, after appropriate scaling from the overall observed curve. In
the second step it is used to deconvolve the difference of the subtraction. These two
operations yield the true desorption absorbance signal A(t) as it would be observed if no

band broadening were present.

This corrected absorbance signal is a function of the instantaneous (i.e. differential) molar
desorption rate of the solute (dny/dt), of the molar absorptivity of the solute € (L
molcm™), of the pathlength of the detector cell / (cm) and of the flowrate F (L/sec)

through the bed as shown in Eq. 2.28:

A=—3____ (2.28)

In order to transform a corrected, instantaneous, experimentally-measured plot of A(t) vs
t into a cumnulative (i.e. integral) desorption rate curve it is necessary to integrate Eq.
2.28, as shown in Eq. 2.29. Here ni(t) is moles of i desorbed by elapsed time t, which

increases with time.
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n,(t)= jA(t)dt (2.29)

F
€l
It is after this operation that we obtain the cumulative sorption/desorption rate curves

which can be fit by the rate equations of Section 2.1

2.3 Effect of experimental factors on the experimental

instantaneous desorption rate curves

In the following section we discuss the issue of how the absorbance signal observed in a
continuous monitoring experiment is affected by various parameters, such as the strength
of retention, flowrate, the diffusion coefficient inside the particles and the particle radius.
We will consider the case where the desorption process is governed by spherical
diffusion. In order to predict the effects of various experimental parameters on the
observed plot of A(t) vs t when spherical diffusion prevails, Egs. 2.1, 2.2 and 2.28 can be
combined to give:

A(t) = 6 B x, [g;:: Mgy eilze-j:ﬁt (2.30)
y=l

Equation 2.30, like Eq. 2.1, contains the sum of an infinite series of exponential terms.
The accuracy with which Eq. 2.30 represents A(t) at shorter and shorter times improves
with the number of terms employed.  Here it should be noted that if an infinite number
of terms could be used Eq. 2.30 would give a numerical value of infinity for A(t) at time
zero. It is of course impossible to calculate an infinite number of terms, so a sufficiently

large, but finite number of terms must be employed. The value of infinity for the
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instantaneous desorbing concentration at time zero is also physically impossible, since
film diffusion is never negligible at very short times, so it would become the rate-

determining process [50, 51].

Examples of the predicted effects of various experimental parameters on the
instantaneous rate curve are shown in Fig. 2.7. The parameters are chosen so that the
resulting absorbance closely matches that which is experimentally seen in a system
studied in Chapter 3, where the desorption is slow and it takes more than 90 minutes o
go to completion. For that system, the use of the first twenty terms in Eq. 2.30 assures
that the values of A(t) at and above 15 seconds time have negligible error. Thus, the plots
in Fig 2.7 all begin 15 seconds after the start of desorption, as justified by the use of
twenty terms in Eq. 2.30. In Fig. 2.7A it is seen that the value of A(t) at any given time is
directly proportional to the value of x;. The same is true of A(t) with respect to the
parameters [i]mp, Msp, € and /, all of which appear in the numerator of Eq. 2.30. In Fig.
2.7 B it is seen that a slower flow rate gives a larger signal. Although the area under the
curve changes inversely with the flow rate, this change does not reflect the amount of

solute in the packing since it is compensated by F in the denominator of Eq. 2.30.

The effects of solute diffusion coefficient (Fig. 2.7 C) and of particle radius (Fig. 2.7 D)
are mediated via the parameter 3, which 1s defined in Eq. 2.3. A larger value of D,
produces both a higher concentration of desorbed solute and a sharper drop off of A(t)
with time. At later desorption times the curves for solutes with higher values of D; cross

over those with lower values since the faster desorption processes decay to zero earlier
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Fig 2.7. Predicted effects of varying experimental parameters on instantaneous
desorption rate curves calculated with Eq.2.30. The parameters with their default values
are as follows: (A) x; (0.1 L/g), (B) F (0.0833 mL/sec through a 0.3-cm diameter bed);
(C) D; (6.0 x 107" ecm?sec); (D) r (1.0 x 10 cm). In each panel the solid line is
calculated using all default values. Values of non-varied parameters are mgsg (2.5 mg);
[ilmp (1.6 x 107 M); & (5000 M' cm™); detector cell pathlength, / (1.00 cm). Points from
the first 15 sec of each curve are omitted because only 20 terms were used in Eq. 2.32.
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than the slower ones. This is portrayed in the inset in Fig. 2.7 C. A smaller radius of the
packing particles, r, increases {3 by an inverse square relationship (Eq. 2.3). The resulting
effect, shown in Fig. 2.7 D, is more pronounced than that of D; because r is squared. The

area under the A(t) vs t curve is independent of both D; and r.

If the particle desorption rate was governed by film-diffusion, the combination of Eqgs

2.6, 2.2 and 2.28 would yield a decay curve of only a single exponential:

kx, [i]y mg € e®

A= =

(2.31)

where k 1s given by Eq. 2.6b. The effect of x; and flowrate on the absorbance signal
would be the same as above in Fig 2.7 A. The diffusion coefficient inside the stationary
phase D; is absent because it is not involved when film-diffusion is rate controlling.
Instead, the diffusion coefficient in the mobile phase Dyp assumes its role. The effect of
D will be analogous to that of D;, as seen in Fig 2.7 C. The effect of the film thickness
d and radius, predicted by k from Eq. 2.6b, is analogous to the effect of r in Eq. 2.30, but

not as pronounced, since there is no inverse square relationship.

2.4 Non-ideal shallow bed conditions

Ideally, the achievement of shallow-bed conditions for a desorption process requires that

the eluent leaving the bed should contain zero concentration of solute i. Of course this
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condition cannot be met because the desorbed solute molecules produce a non-zero solute
concentration in the flowing eluent. Furthermore the technique depends on this
concentration becoming high enough to be experimentally measurable. In practice,
shallow-bed conditions can be closely approximated by ensuring that the maximum
solute concentration in the flowing eluent never exceeds a small fraction of the
concentration that was used initially to produce sorption equilibrium, also called the
loading concentration (i.e. [i}mp in Egs 2.2, 2.20 and 2.30). However, when the flow-rate
becomes too low, the desorbing solute is not removed fast enough and its concentration
in the mobile phase increases to high values, which decreases the driving force for the
desorption process. This has the effect of slowing down the observed desorption rate.
When studying very fast desorption rates, it can be difficult to achieve flowrates fast
enough that the solute concentration in the flowing eluent doesn’t exceed a small fraction
of the feed concentration. Therefore, the observed curve may be slower than the true
process — i.e. the kinetic parameters obtained by fitting the desorption curve with

theoretical equations such Eq. 2.1 will be smaller than the true values.

The expression below gives the shape of the cumulative rate curve which applies for
spherical particles whether the flowrate is sufficiently fast or not. It was developed under
the assumption that the solute concentration in the solvent flowing past the bed is the

same everywhere in the bed [72-74, 77]:

2 6L exp(«? D, t/r?)
=n. - n i 232
n, (1) ngo(l nzgl a: [ai TLL-1)] ) (2.32)
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where a, 1s given by the roots of the equation:

aqcot(ag)+L-1=0 (2.33)
and
l" 2
L= ———i*‘]“"D' (2.34)
nLO t

The parameter L above is simply a measure of the ratio of the flowrate through the
shallow bed to the desorption rate constant in the sphernical particle. If L is a large
number, the flow through the shallow bed is able to remove the desorbing solute almost
instantly, and Eq. 2.32 reduces to the same form as Eq. 2.1. In other words, large values
of L mean that shallow bed conditions are met. A small value of L signifies failure to
meet shallow-bed conditions, where the flow cannot remove the solute leaving the
particle fast enough and the whole process is slowed down. Simple experimental ways to
increase the value of L are either to increase the flowrate, or to decrease the value of n;

by decreasing the amount of stationary phase in the shallow bed

There is an important second case however, where fitting the cumulative rate curve data
to Eq. 2.32 can yield low values of L even if shallow-bed conditions are met. The
phenomenon of film diffusion, discussed in Section 2.1.2, can also slow down the
desorption rate and thus can independently give rise to the low value of L. In this case L

is redefined as [72, 73]:
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| _ Shlily Dy

) (2.35)

In Eq. 2.35 L is a measure of relative resistances to mass transfer of intraparticle
diffusion to film diffusion, and it is related to parameter X of Eq. 2.14 and parameter 9 in
Eq. 2.15. If L is high, it means that film diffusion is negligible (fast) comparing to
intraparticie diffusion. Conversely, a low value of L means that film diffusion
significantly contributes to desorption rate control. If film diffusion is the major cause of
the slow-down of the desorption process, then the value of L can be predicted, by
substituting the expression for Sh from Eq. 2.12, or 2.13. Thus the value of L can be

predicted as:
1.09 (2u,r )" [il, D

L= - us r [1]’MP MP (2.36)
Coer \ Dwp 2[i}.. D;

if Eq.2.12 is used for Sh, or:

3 _.
Lo 109 (2ur [ll.mDm (2.37)
£ DMP 2[l]m‘( Di

mier

if Eq. 2.13 1s used for Sh. The only way to increase L is to increase the Sherwood
number by increasing the flowrate (which is proportional to velocity ug in the above

equations). However, the Sherwood number is proportional to only (velocity)'”.

If Eq. 2.32 is fit to desorption rate data and a low value of L is obtained, it may be of

interest to determine whether the low value of L is due to failure to meet shallow bed
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conditions or film diffusion. This can be done by obtaining desorption rate data at
several flowrates, fitting with Eq. 2.32 to obtain the value of L at each flowrate, and
plotting L vs. flowrate. If slow flowrate is the cause, then the value of L should be
directly proportional to flowrate, in accordance with Eq. 2.34. If film diffusion is the
cause then L should be proportional to (flowrate)'” in accordance with the Eq2.36 or Eq.
2.37. Also, if film diffusion is the cause of low L, the magnitude of the predicted value
of L, according to Eq 2.36 or Eq. 2.37 above, should be close (i.e. within experimental
error) to the value of L obtained from fitting the kinetic data with Eq. 2.32. In the case
where film diffusion is the main distorting mechanism, Eq. 2.32 and 2.35 can serve as an

alternative to Eq. 2.15.

Fig. 2.8 shows the effect of L on the observed, cumulative desorption curves of a process
which proceeds via spherical diffusion, with a value of p = 1. Curves are calculated for
different values of L via Eq. 2.32. When the value of L is greater than about 25, the
observed curve matches Eq. 2.1 closely, but lower values of L show significant
deviations. Table 2.1 shows the results of fitting the curves calculated with Eq. 2.32 to
Eq 2.1, and the errors involved with such an analysis. For example, when L = 6, the R®
value for the goodness of fit is only 0.983, and the best fit value of B is only 55 % of its
true value. When L = 25§, the R? value is about 0.999 and the best fit value of B is about

87% of the true value.
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Fig. 2.8. Effect of parameter L in Eq. 2.32 on the cumulative desorption rate curve. The
top curve follows Eq 2.1 ( L = infinity) with a value of §=1. More details are
given in the text and Table 2.1
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Table 2.1. Errors ansing from fitting data simulated by Eq 2.32, shown in Fig. 2.8, with

Eq. 2.1 for different values of L.

L Dige / Digroe™" D5/ Digerae R’
3 0.313 1.05 0.9746
6 0.5569 1.012 0.9877
10 0.6933 1.005 0.9944
16 0.7936 1.003 0.9974
25 0.8635 1.002 0.999
®© 1 1 1

* The subscript true, signifies the value of D; which was input into Eq. 2.32 to generate a

set of simulated data. The subscript “fit” is the resulting fitting parameters from fitting

Eg. 2.1 to the simulated data.

® The “fit” parameters will vary slightly with different ranges of time-values chosen to be

fit.
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Chapter 3. Desorption rate of naphthalene from PRP-
« using Type | instrument

This chapter describes in detail the Type I shallow-bed apparatus for the continuous
measurement of slow desorption kinetics, and the results obtained for the desorption of
naphthalene (NA) from polymeric particles of PRP-w in 70/30 methanol/water solvent.
The purpose of this work is to apply the theoretical ideas from section 2.2 and 2.3 to a
real system. As well, the desorption-rate data obtained are compared with the sorption-

rate data from literature in order to validate the method.

3.1 Introduction

3.1.1 Structure of PRP- =

PRP - o is a spherical, polymeric sorbent made up of a solid, nominally nonporous
matrix of PS-DVB. This matrix is heterogeneous with respect to crosslinking density,
chain density and swelling properties. The following structure has been proposed [47,
49, 71]: there is a very large number of very small, closely spaced nuclei (or “nodules™)

throughout the polymer particle. The cross-linking density is highest within the nuclei

: Most of Chapter 3 is taken from “Continuous Desorption Rate Measurement from
a Shallow-bed of PS-DVB Particles With Correction for Experimental Artifacts™. R.

Bujalski, and F.F. Cantwell, J. Chromatogr. A (2004) Volume 1048, pages 173-181.
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and decreases with distance from the nuclei. There is thus a gradient of crosslinking
density from the center of each nucleus to the internuclear region. Because the cross-
linking density is highest within the nodules, they have the greatest rigidity and contain a
larger number of permanent micropores. The internuclear regions have a much lower
crosslinking density and are much more flexible . They are referred to as a gel. Thus
PRP- « displays both micropore regions and gel regions. In the dry state, with no sorbed
organic solvent, the gel regions of the matrix collapse completely so that there are the
smallest possible spaces between the individual chains. Micropore regions, however, are
unable to collapse and retain their permanent structure. Once an organic solvent is added
though, the gel regions become swollen and have larger interchain pore spaces than do

the micropore regions, which do not swell appreciably.

3.1.2 Diffusion of NA in PRP - .o matrix

The nominally nonporous matrix of PRP - w is accessible to solutes whose solubility
parameter (sol. par.) is similar to that of PS-DVB (sol. par. = 18.6-19.0 (MPa)'") [49, 71,
92, 93]. NA, with a solubility parameter of 20.2 (MPa)'” [49] can enter the polymer
matrix and diffuse within it. Polar compounds have high solubility parameters (e.g. H-O

sol. par. = 47.9 (cal cm™)'? [47, 71]) and do not enter the PS-DVB matrix.
As described above, PRP - « is actually heterogeneous with regard to crosslinking

density, swelling, and the amount of permanent microporosity. NA can thus diffuse

through roughly two types of environments — microporous and gel like. However, the
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distances between the centers of the polymer nuclei are so small that an average value of
D; has been observed {28, 71], showing that, on the scale of the whole particle, the matrix

can be assumed to be a homogenous medium.

3.1.3 Reasons for choosing the desorption of NA from PRP - «

The kinetics of sorption of naphthalene into the polymeric sorbent PRP— from
methanol/water solutions have been studied by the shallow-bed method in the literature
[28, 71], and are known to proceed through slow intraparticle diffusion. The fact that the
diffusion of NA inside the PS-DVB is slow means that it is relatively easy to build an
apparatus capable of measuring it. The extra-column band-broadening can be relatively
large, because the duration of the desorption process (more than 90 minutes for
completion) is much larger than the duration of the effects of band broadening (the width
of the IRF in the experimental section will be seen to be on the order of 10 seconds). The
contribution of extra-shallow-bed band broadening can thus be easily accounted for by
deconvolution, even if only limited steps have been taken to limit the extra-bed band

broadening.

The fact that the sorption kinetics of NA on PRP-w are well characterized is an added
advantage, because previously obtained kinetic data serve as a check on the results
obtained with the present, desorption technique. The sorption rate curve of NA onto
PRP-x fits the spherical diffusion equation (Eq. 2.1) [28, 71]. The kinetics of desorption

are expected to proceed through the same process in reverse and to yield the same kinetic
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data, i.e. the desorption will proceed through spherical diffusion with the same

intraparticle diffusion coefficient, provided that the mobile-phase in which the PRP-w is
bathed is the same. If the desorption data agree with the sorption data, it will be taken as
evidence for the validity both of the method of continuous monitoring of desorption from

the shallow-bed and of the data processing steps involved.

3.2 Experimental

3.2.1 Reagents, solvents and resin

NA (Coleman and Bell, Norwood, OH) was recrystallized from methanol.
Phloroglucinol (PG) (1,3,5-trihydroxybenzene, Fisher) was recrystallized from water.
Methanol (MeOH) (certified ACS grade, Fisher) was distilled before use. Water was
distilled and deionized with a NANO-pure System (Bamstead, Boston, MA). The eluting
solvent, 7/3 MeOH/H;0, was prepared by combining solvent volumes in this ratio. NA
and PG solutions were also prepared in 7/3 MeOH/H;O with the individual
concentrations of NA as given in Table 3.1 (See Section 3.3.3). The PG concentration
was 11.0 mM. The batch of PRP-w sorbent employed in this study has a diameter of 19

+ 1 um [28, 71, 94] (batch EE2, Hamilton, Reno, NV, USA).
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3.2.2 Apparatus and procedure

Plots of A(t) vs t were measured using a Type I continuous monitoring shallow-bed
apparatus, the schematic of which is described in Chapter 2, section 2.2 and Fig 2.1. In
the Type I instrument, the shallow-bed is equilibrated with the solute-carrying solvent in
one flow channel, and then the slider containing the shallow-bed is moved to a second
flow channel, which carries only the pure solvent. The flow of the pure solvent causes
desorption and the eluent flows towards the detector. The details of the apparatus are
shown in Figs. 3.1 and 3.2. Pump P1, which delivers the NA solution, and pump P2,
which delivers the eluent, are pulseless constant-pressure pumps operated at 50 psi (3.4
bar) [95]. Pump P3, which delivers the PG solution, is an HPLC pump (Waters 591,
Milford, MA). All pumped solutions were thermostated at 25 + 0.5°C. The slider valve,
Vsg, which is shown in Fig. 3.2, contains the shallow-bed of PRP-w (between 2 and 3 mg
accurately weighed). It is a modified version of a valve that was previously used in
sorption rate studies [28, 46, 71]. In the present modification the left outlet flow channel
has been tapered at an angle of 30 degrees from 3.0-mm i.d. to 0.75-mm i.d. starting at a
distance 1 cm below the bed. This was done in order to reduce the volume between the
shallow-bed and the detector while at the same time maintaining parallel flow streamlines
of eluent through the bed during desorption. Vg enables switching of the bed between

the loading and the desorption positions.
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waste

Fig 3.1

waste

Schematic diagram of the continuous monitoring shallow-bed desorption
apparatus. Pl, P2 and P3 are pumps, F is an in-line filter (0.45 pm), VI, V2
and V3 are valves, Vgg is the slider valve containing the shallow-bed (see Fig.

3.2), D is the detector, C is the computer. See text for details.
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Figure 3.2 Schematic diagram of the slider valve Vsg. (1) Teflon face plate, (2) Kel-F
insert in S.S. slider, (3) bed of PRP-x, (4) porous Teflon disk, (5) S.S. screen,
(6) tension adjustment screw, (7) 3 mm i1.d. S.S. tubing, (8) 0.75 mm i.d. (left)
and 0.55 mm i.d. (right) S.S. tubing. See text for details.
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The NA desorption experiment starts with the slider in the loading position as shown in
Fig. 3.2 in which NA solution passes through the bed for at least 2 hours at a flow rate of
about i mi/min in order to establish sorption equilibrium unambiguously. Meanwhile
the eluent solution from P2 passes through the empty hole in the slider valve and flushes
out the HPLC detector (Waters Lambda Max 481, 1 cm pathlength, with the wavelength
set to 276 nm). The detector signal is recorded using a data acquisition program written
in Labview on a Pentium 166 MHz PC equipped with a PCI-MIO-16XE-50 input/output
board (National Instruments, Austin, TX) (See Appendix 1). The signal gain is 10 in
order to decrease the bit noise introduced by the /O board. After the bed is equilibrated
with NA a sequence of three steps, which take about 10-15 seconds to complete, is
performed in order to initiate desorption of NA: (i) flows of both NA and eluent are
stopped by closing V2 and V3 which are both Cheminert on/off valves (Valco, Houston,
Texas, Part #4142410); (i1) the slider in Vsg is switched left; (iii) eluent flow from P2 is
restarted by opening V3. During desorption the flow rate was measured as the time
necessary to fill a specified volume of a burette situated downstream of V3. The major
resistance to flow during the desorption step is the detector cell with its connecting

tubing. The shallow-bed accounts for about 20% of the total resistance.

The PG experiments were performed immediately after the naphthalene experiments
using the same sequence of steps with three minor differences. First, the equilibrium
(loading) time was only a few minutes since this step had only to ensure that Vg and the
tubing were fully flushed. Second, since a constant displacement HPLC pump was used

to deliver PG, the flow from P3 was stopped and started simply by turning that pump off
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and on. Third, the solution carrying PG from the HPLC pump to Vs was first passed
through a coil immersed in the thermostated water bath in order to bring it to the same

temperature as the liquids from pumps 1 and 3.

The molar absorptivity (&) of NA (5.00 x 10° L mol'em™) in 70/30 MeOH/H-O was
obtained by measuring absorbances of several solutions having concentrations between 1
x 10® and 1 x 10” mol/L while flowing through the HPLC detector at a flow rate of 5.0
mL/min. The molar absorptivity of PG at 276 nm (262 L mol*cm™) was obtained in a

separate experiment.

3.2.3 Deconvolution and Fiitering

The A(t) vs t data for both NA and PG were saved as Microsoft Excel® spreadsheet files.
Prior to deconvolution the PG curve in Fig. 3.3 B was normalized to make the area under
it equal to one (curve not shown). Deconvolution and digital filtering in the Fourier
domain were performed by the following steps [88-90]: complex division of the Fourier
transform of curve 3.3 C by the Founier transform of the nommalized PG curve;
multiplication of the quotient of this complex division by the filter function ({0,1}, {0,1},
{10.3.1}, {0.4,0}) [88] in order to remove high frequency noise (>0.4 Hz); and inverse

Fourner transformation to produce the deconvolved data in the time domain.
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3.3 Results and Discussion

The following topics are considered: the choice of PG as an IRF-Marker, the observed
and the corrected instantaneous rate curves, the cumulative rate curve. The cumulative
rate curve is quantitatively interpreted in terms of theory. Finally the attainment of

shallow-bed conditions is discussed.

3.3.1 IRF-Marker

As discussed in section 3.1.2, solutes such as NA which possess a similar solubility
parameter to that of the PS-DVB polymer are adsorbed onto the polymer surface and also
diffuse into the polymer matrix [28, 71, 92, 93]. .In contrast, polar-hydrophilic solutes
such as PG neither adsorb onto nor diffuse into a PS-DVB polymer matrix [28, 71].
Furthermore, since PRP-w particles are free of meso- and macro-pores, PG cannot enter
the particle via that route. Hence PG meets the IRF-Marker criterion of non-entry into
the particles. A secondary criterion is that the IRF-Marker should have a free-solution
diffusion coefficient that is the same as that of solute i (i.e. NA in this case) because free-
solution diffusion may be involved in some of the processes that contribute to instrument
band broadening [55, 96-98]. PG is satisfactory also in this regard. The diffusion
coefficients for NA and PG at 298K in 7/3 MeOH/H,O are 6.0 x 10 cm?/sec and 6.9 x
10 cm?/sec, respectively with an estimated uncertainty of 0.7 x 10 cm?¥sec for each

based on calculations employing the Wilke-Chang equation [99].

87

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




3.3.2 Instantaneous desorption rate curve for NA

Data for the first 100 sec in a typical experiment on NA (Run 1) and on PG are shown in
Fig. 3.3. The insets show the remainder of the data from 100 to 6400 sec. Figure 3.3A is
the observed curve of A(t) vs t for the desorption of NA. Figure 3.3B is the IRF peak for
PG scaled by Eq. 2.20. Figure 3.3C results from subtracting Fig. 3.3B from Fig. 3.3A.
Figure 3.3D shows the result of deconvolution and frequency filtering. In order to clarify
their significance, the curves in panels A, B, C, and D of Fig. 3.3 may be compared
respectively to the corresponding simulated curves (IIl + IV), V, IV and II in Chapter 2,

Fig. 2.3.

Deconvolution and digital filtering in the Fourier domain were performed by the
following steps, described in more detail in chapter 2 section 2.3 [88-90): complex
division of the Fourier transform of curve 3.3C by the Fourier transform of the
normalized PG curve; multiplication of the quotient of this complex division by the
trapezoidal filter function ({0,1}, {0,1}, {0.3,1}, {0.4,0}) [88] in order to remove high
frequency noise (>0.4 Hz); and inverse Fourier transformation to produce the

deconvolved data in the time domain.

The “ringing” noise, which is evident in the first 100 sec of the corrected instantaneous
desorption rate curve in Fig. 3.3D is a result of truncation in the Fourier domain by using
the filter function described above. The ringing observed with this trapezoidal filter

function is less than would be observed for a square-cut function, but could not be
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Figure 3.2. Instantaneous desorption rate curves for NA (Run 1) and PG. Acquisition
frequency was 10 Hz. There are 64,000 data points over the 6400 sec. The
first 100 sec are shown in the large panels, with the remaining 100 to 6400 sec
given in the inserts. (A) Observed NA curve, (B) IRF peak for PG scaled by
Eq. 2.20, (C) difference between curves in (A) and (B), (D) result of

deconvolution of curve in (C) with normalized version of curve in (B).
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entirely eliminated [87]. Comparison among the curves presented in panels A, C and D
reveals that at times longer than about 50 sec they are identical to one another (i.e.
absorbances at corresponding times agree within 1% relative). This is true for all of the
NA runs listed in Table 3.1, which will be discussed in section 3.3.3 below. Its
significance is that after about 50 sec the distorting effects of extra particle NA and of

band broadening become negligible.

3.3.3 Cumulative rate curve for NA

The instantaneous rate curves (e.g. Fig. 3.3D) were digitally integrated between 0 and
6400 sec for all four experimental runs using Excel software. The average absorbance
between 6000 and 6400 sec was taken as bascline and the results of the integrations were
multiplied by F/e;/ in order to obtain the cumulative rate curves for desorption of NA, as
described by Eq. 2.29. The curves for Runs 1-4 are shown in Fig. 3.4 as solid lines, each
one of which is actually composed of 6400 data points, corresponding to every tenth one
of the 64,000 acquired data points. Prism Software Version 4.00 (GraphPad Software,
San Diego, CA) was used to fit Eq. 2.1, describing spherical diffusion, as well as Eq. 2.6,
describing film diffusion, to all of the points starting at 15 sec in these cumulative rate

curves using nonlinear regression.
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Figure 3.4 Cumulative desorption rate curves for NA. The apparently solid line is 6400

of the 64,000 experimental points from integration of the points in curve D in

Fig. 3.3 using Eq. 2.29. The thin dashed line is the regression fit-line for the

film diffusion model (Eq. 2.6). The thick dashed line is the regression fit-line

for the spherical diffusion model (Eq. 2.1).
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Table 3.1. Parameters from non-linear regression fit of Eq. 2.1 for spherical diffusion to

the cumulative desorption rate curves of NA (n; and § are fitting parameters).

Result/Parameter Run 1 Run 2 Run 3 Run 4
mgg (x 10° g) 2.53 2.53 2.48 2.48
[i]mp (x 10° mol/L) 1.83 1.83 1.36 1.36

F (x 10° Ls) 8.58 8.47 7.88 7.88
nio (x 10® mol) 3.63 4.11 4.05 3.35
B(x10*s™ 5.7 4.6 4.6 5.2

D; (x 10" cm%/s)® 5.7 4.6 4.6 5.2

R? 0.9985 09925 0.9982  0.9955

*The diffusion coefficient for NA is obtained from B via Eq. 2.3 using 1.0 x 10~ cm for

particle radius.
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The regression fit-lines of Eq. 2.6 to the data for Runs 1-4 are shown with a thin dashed
line in Fig. 3.4. The correlation coefficient (R?) values are 0.9601, 0.9799, 0.9636, and
$739 for runs 1 through 4, respectively, which indicates a relatively poor fit to the data
points. The non-linear regression fit-lines of Eq. 2.1 (spherical diffusion) to the data for
Runs 1-4 are shown with thick dashed lines in Fig. 3.4. Fitting parameters n; and B and
other parameters for all four runs are summarized in Table 3.1. Correlation coefficients
(R%) are all high suggesting that Eq. 2.1 describes the data well. The intra-particle
diffusion coefficient D; is obtained from B via Eq. 2.3. The average value of D;, with
standard deviation, is (5.0 = 0.6) x 10! cm®s™ (n = 4). Comparison of this value via the
t-test with the value (7.1 = 0.8) x 107! cm? 5™ (n = 3), which previously was obtained
from shallow-bed sorption rate experiments [71], shows that these two measured values

of D; are in agreement with one another at the 99% confidence level.

There 1s an altermative way to obtain D; which involves using the data from the
differential (instantaneous) rate curves such as the one shown in the inset in Fig 3.3 D. A
plot of the natural logarithms of A(t) vs time for only the data at very long times is
expected to be linear because Eq. 2.30 (describing instantaneous absorbance observed
downstream from a shallow-bed where desorption is proceeding via spherical diffusion)
reduces to a single exponential term as the higher order terms become negligible [S1, 72,
73]. The data from Fig. 3.3D between 1500 and 3500 sec, after smoothing by the running
average of 100 points and subtracting the baseline absorbance, is presented as the semilog
plot in the insets of Fig. 3.4. The slope of the linear regression line of this plot gives the
value of B in Eq. 2.3, from which D; can be extracted as described above. The average

value of D, from the four runs is (5.8 = 0.6) x 10" cm%/s and the R? values for the four
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runs range from 0.9930 to 0.9962. (Inclusion of data much beyond 3500 sec would have
decreased R? for the linear fit due to the lower signal-to-noise ratio and was therefore not
included in the semi-log plot.) The t-test shows that this average value of D, agrees with
both (5.0 £ 0.6) x 107" cm?/s and (7.1 £ 0.8) x 10"*! cm?/s at the 95% confidence level. It
1s important to note, however, that there is an advantage to fitting data from the entire
cumulative rate curve with Eq 2.1 as opposed to fitting only the long-time data with the
semi-log plot. A good fit of the entire rate-curve shows that spherical intraparticle
diffusion (defined by Eqgs 2.1 and 2.30) is the rate-controlling process, while a good fit to
only the data at long times does not. For example, spherical diffusion in a biporous
particle is described by an equation containing two diffusion coefficients (see section
2.1.1, Eqs 2.4 and 2.5, as well as Chapter 4) [28]. Plotting only the long time data would
yield only the value of the smaller diffusion coefficient.

The fact that the desorption process is controlled by particle diffusion, and not film
diffusion, is further supported by evaluating the relative contributions of the two
processes with Eq. 2.14. For NA, Dupis 6.0 x 10° cm®s™” and D; is 5.0 x 10" cm® s
(see above), the density of PS-DVB is about 1 g/mL [1], and the distribution coefficient x
for NA on PRP-x from 7/3 MeOH/H,0 is 0.106 L g [71]. The ratio [t)pare Tilmp is
calculated from x and the density to be about 100. If €in is assumed to be approximately
0.4 and the flowrate is taken to be 0.000083 L s™ (average from Table 3.1), a value of
= 1.1 um 1s calculated using the average of Eq. 2.12 and 2.13. The value of X from Eq.
2.14 is about 1.0 x 10 which is 3 orders of magnitude smaller than 0.13. This shows

that the desorption rate is controlled by intra-particle diffusion.
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The same theoretical spherical diffusion equation describes both the sorption {28, 71] and
desorption rate curves and in both cases yields the same value for the diffusion
coefficient of NA. This result is consistent with the expectation that pure intra-particle
diffusion control, free of any significant contribution from film-diffusion control, is the
rate-determining process for both sorption and desorption of NA in PRP-wo in these
shallow-bed experiments. The mechanism by which NA diffuses through the PRP-o
polymer matrix can be treated either as “pore diffusion” through the liquid which fills the
micropores, in which case D; would be an “effective™ diffusion coefficient [28], or as
diffusive movement among the entangled and crosslinked polymer chains, the structure
of which ranges from rigid microporous to soft gel [71]. Previous solvent-sorption and
polymer swelling studies would seem to favor the latter [71]. Thus, the continuous
monitoring of desorption yields kinetic data equivalent to that obtained by a shallow-

sorption rate method.

3.3.4 Shallow-bed conditions and linear isotherm

Ideally the achievement of shallow-bed kinetic conditions for a desorption process
requires that the eluent leaving the bed should contain zero concentration of solute 1. Of
course this condition cannot be met because the desorbed solute molecules produce a
non-zero solute concentration in the flowing eluent and furthermore the technique
depends on this concentration becoming high enough to be experimentally measurable.
In practice, shallow-bed conditions can be closely approximated by ensuring that the

maximum solute concentration in the flowing eluent never exceeds a very small fraction
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of the concentration that was used initially to produce sorption equilibrium (i.e. [i]vp in
Eq. 2.20 and 2.30). In the present case, [i]mp for the naphthalene loading solution was 1.7
x 10° M, while the highest absorbance observed in curve D of Fig. 3.3 (i.e. about 0.03
AU) corresponds to 2 maximum concentration of only 6 x 10° M NA in the eluent. After
3-4 seconds A(t) has become smaller than 0.01 AU which corresponds to a concentration
of less than 2 x 10® M NA. This is two orders of magnitude smaller than its
concentration in the loading solution. Therefore the requirement of zero solute
concentration is effectively achieved after the first few seconds in the present

experiments.

The attainment of this condition may also be tested in another way. Eqs 2.1 and 2.31
represent a particular case of a more general zero-length column equation, Eq. 17 in
reference [72], which has been developed for desorption over a broad range of flow-rates.
When the parameter L in that equation has a very large value it means that the flow of the
mobile phase effectively takes away the desorbing solute as soon as it exits the particle.
The average magnitude of L for the present experimental conditions, calculated from Eq.
17 in ref. [72] is 2.1 - 10° which is very large. This is another way of proving that
correcting the observed differential desorption rate curve of NA by subtraction and
deconvolution with the IRF-Marker effectively eliminates the effect of the holdup

volume on the NA curve.

The sorption isotherm of NA from 7/3 MeOH/H;O onto PRP-o is linear with a

distribution coefficient of 0.106 L/g up to a solution concentration of about 2 x 10™
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mol/L [71]. Since the loading step of PRP-«c was done with solutions containing less
than this concentration, all experiments were performed in the linear region of the NA

1sotherm.

3.3.5 Minimizing Experimental artifacts

Continuous monitoring of the entire time course of rption of solute from a shallow-
bed in 2 siagic experiment is convenient. The present work identifies the several
artifactual sources of systematic error that cause inaccuracies in this technique and it
demonstrates the ways, including deconvolution, in which corrections can be made for
them. If these systematic errors cause relatively small distortions of the rate curves as is
true in the present case, correction for them in this way yields an accurate corrected rate
curve. However, if the systematic errors arc relatively much larger it becomes necessary
to reduce their magnitude by modification of the experimental details. For example, this
would be necessary in the measurement of desorption rates from HPLC packing materials
such as 10 pm diameter particles of an alkylsilyl bonded phase [35, 36] for which
desorption rates would be much faster (i.e. half-time <0.5 sec) because particle radius is
smaller (r in Fig. 2.7 D) and because intra-particle diffusion coefficients are larger (D; in
Fig. 2.7 C). Faster desorption rates give higher concentrations of solute in the early
stages of the experiment which would necessitate the use of higher flow rates (F in Fig.
2.7 B) to attain shallow-bed conditions (i.e. very low concentration of 1 in the effluent).
A higher flow rate and a smaller r both require a higher pump pressure, the latter because

the permeability of the bed is inversely proportional to r* [1].
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Also, for such a packing material the true instantaneous desorption rate curve would
be much narrower than the one that is now seen in Fig. 3.3 D and the observed desorption
rate curve would be only slightly broader than the IRF peak. This would make it
virtually impossible to accurately extract the true rate curve from the observed rate curve
solely by deconvolution because of the uncertainty introduced by the unavoidable
presence of noise in the data {87]. It would be necessary to reduce instrument band
broadening by reducing the volume of the instrument components that are located
petween the bed and the outlet end of the detector. For porous particles it would be also
necessary, in principle, to distinguish the amount of solute in the pores from that between
the particles because the former amount should not be subtracted from the observed rate
curve. These experimental modifications are all feasible. Their implementation will be
the subject of the Chapters 4 and 5, in which are reported desorption rate curves of
solute, both from porous 10 um diameter PS-DVB particles and from porous 12 pum
diameter, silica-based, octadecylsilyl (Ci5) bonded-phase particles. .
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Chapter 4: Desorption rate of naphthalene from PRP-
1 using Type Il instrument

In chapter 3, it was shown that the continuous monitoring shallow-bed technique,
combined with corrections for experimental artifacts by subtraction of and deconvolution
with the IRF-marker run is a valid method for the measurement of desorption kinetics.
However, the amount of band broadening taking place in the apparatus used (standard
deviation of the IRF is around 10 sec) is too large for studying more rapid desorption
processes which occur on the time scale of seconds and milliseconds, not hours. In such
cases deconvolution is not able to correct for instrument band broadening, because the
IRF 1s much broader than the time scale of the fast desorption process. For this reason, it
1s necessary to build an apparatus with drastically reduced band broadening by reducing
the volume of the instrument components that are located between the-bcd and the outlet
end of the detector. This chapter describes the design and validation of such a low-band
broadening shallow-bed apparatus for the continuous measurement of fasr desorption
kinetics. The basic design chosen is the Type II apparatus, and the process studied is the
desorption of NA from polymeric particles of PRP-1, an HPLC sorbent, in 85/15
methanol/water solvent. As well, the desorption-rate data obtained are compared with the

sorption-rate data from the literature in order to validate the new shallow-bed apparatus.
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4.1 Introduction

4.1.1 Structure of PRP-1 and intraparticle diffusion of NA

PRP - 1 is a sphenical, polymeric HPLC sorbent made up of PS-DVB. It possesses
mesopores, the diameter of which averages around 10 nm (100 A) where diffusion can
occur either through sorption-retarded pore diffusion or surface diffusion along the pore
walls. Its PS-DVB matrix also exhibits porosity, and solutes with a solubility parameter
close to that of PS-DVB can enter it, as discussed in Chapter 3, sections 3.1.1 and 3.1.2.
It 1s not certain whether the matrix of PRP-1 is composed mainly of micropores or of gel-
like regions. However, for two reasons, it is likely that it is dominated by the
microporous regions. First, PRP-1 does not exhibit appreciable swelling or shrinkage
when solvents are changed from 100% organic to 100% aqueous solvents, whereas PRP-
o (less-highly cross-linked PS-DVB packing discussed in Chapter 3) exhibits changes of
up to 12% [71]. The inability to swell is attributable to permanent micropores. Second,
the diffusion coefficient in the matrix of PRP-1 (D= 10"'? cm? sec™’) has been shown to be
at least 3 orders of magnitude lower than the diffusion coefficient inside the matrix of
PRP-o0 (D= (4%1) -10”° cm? sec™) in the same mobile phase of 85/15 MeOH/H,0 [28].
Whether PRP-1 possesses micropores or gel regions or both, NA has been shown to enter
its matrix and to go through a severely hindered diffusion, in addition to the relatively
rapid diffusion through the mesopores [28, 46]. Thus, the diffusion of NA inside PRP-1

1s described by two different diffusion coefficients.
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4.1.2 Reasons for study of NA desorption from PRP-1

One of the reasons this system was chosen as the first to be measured with the Type II
desorption apparatus is because it is a well known system, which has been characterized
previously [28, 46]. Because the Type II apparatus design is completely new and the data
analysis methods for minimizing its experimental artifacts (sections 2.3 and 2.4) have not
been previously applied in shallow-bed kinetic experiments, it is desirable to study a
sorbent whose kinetic properties are known. In addition, PRP-1 is a popular HPLC

porous polymeric packing, often used in analytical determinations. [100-103].

4.2 Experimental

421 Reagents, solvents, and sorbent

Naphthalene (NA) ( Coleman and Bell, Norwood, OH, USA) was recrystalized from
methanol. Phloroglucinol (PG) (1,3,5 trihydroxybenzene, Fluka, >99%) was used
without further purification. The solvent (mobile phase, or eluent) used in this study,
both for making solutions of NA and PG, was 85/15 MeOH / H,O v/v, which was
prepared by mixing pre-measured volumes of HPLC grade MeOH ( Fisher Scientific) and

filtered, deionized H;O.

The solvent and its NA and PG solutions were sparged with helium before the kinetic
experiments. The concentrations of NA used were around 5x10”° M, which is the

maximum concentration that still falls within the linear range of the sorption isotherm
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[46]. The concentration of PG used was about 0.052 g/L, chosen to nearly match the

absorbance of the 5x10° M NA solution at 222 nm.

The mesoporous PS-DVB sorbent PRP-1 ( Lot No. 334, Hamilton Co., Reno, NV, USA)
has the following characteristics listed by the manufacturer: spherical shape with 10 ym
particle diameter (95% within the range 8-12 um), specific pore volume of particles 0.79
cm’® g™, average pore diameter 75 A, specific surface area of 415 m? g, and a particle

porosity of 0.48 mL of pores per mL of a particle [46].

422 Apparatus

42.2.1 Overview of the shallow-bed apparatus

The diagram of a Type Il apparatus shown as Fig. 2.2 in Chapter 2 is partial and highly
simplified. Figure 4.1 is a more detailed schematic of the entire apparatus which is a
modification of a stopped-flow device manufactured by the Union Giken company,
described in Section 4.2.2.2 below. Fig. 4.2 enlarges the shallow-bed assembly (SBA)
containing the flow-channel block and the cuvette block in which are contained the
shallow-bed and the flow-cuvette with the detection window. P1, P2, and P3 in Fig. 4.1
are constant pressure pumps [95] carrying the NA solution, the PG (unretained
compound) solution, and the pure solvent (mobile phase), respectively. V1 -V3 are

solenoid valves (Part # 009-0616-900, Parker Hannifin, General Valve Division,
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Fig 4.1 Overview of the Type II shallow bed kinetics apparatus. P1-P3 are pumps. V1-
V3 are electronic valves; the dashed lines in valves connect the valve ports between
which solvent flow can occur through the valve. V4 is a manual 3-way valve. F is an
inline filter. SBA = Shallow-Bed Assembly, which includes the flow-channel block, the
shallow bed, and the cuvette block ( See Fig 4.2). Panel A (no flow): valves V1-V3 are
in the unenergized position (u). Panel B(desorption): valves V1-V3 are in the energized
position (e¢). Panel C. Table indicating the valve states during one cycle of operation.
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Fig. 4.2 Close - up schematic of the shallow-bed assembly (SBA) showing the flow of
solutions during the desorption experiment. Not to scale. A: the assembly before the
experiment; B: Equilibration step, C: Flush step; D: Desorption step; Labels: 1: quartz
cuvette, 2mm ID( 2mm pathlength), 6mm OD; 2: Cuvette-block; 3: Aperture that defines
detection window on cuvette (2 mm, circular); 4: the shallow bed (shown in more detail
in Fig. 4.4); 5: PEEK spacer; 6: sample delivery channel; 7: pure solvent channel, 2 mm
diameter, 30 mm long; 8: Kel-F flow-channel block.
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Fairfield, NJ), each controlled by Valve Drivers (Part #090-0022-100-1 Parker Hannifin,
General Valve Division, Fairfield, NJ), which in turn are computer controlled. V1 and
V2 are 3-way valves, and V3 serves as an ON/OFF valve. During the experiment, all of
the valves are kept at the same pressure, because they are all connected to the same high-
pressure helium gas tank. The letters in the brackets beside the valve numbers on the
figure represent the un-energized (u) and energized () states of the solenoid valves. V4
is a manual 3 way valve, (Cheminert, Valco Instruments, Co. Inc.. Houston, TX) used to
select between the NA and PG solutions. The whole system has a maximum pressure

rating of 250 psi.

Computer control has a dual function in this apparatus. The first function, as already
mentioned, is to control and time the flow sequences, while the second is to acquire the
spectrometric data obtained by the detector. The computer program to control the flow
and acquire the spectrometric data was written in LabVIEW® (National Instruments,
Austin, TX, USA) and the Valve Drivers are interfaced to a 166 MHz PC via a National
Instruments IO board (part # PCI-MIO-16XE-50), and an additional external circuit.
The LabVIEW program is shown in Appendix 2. A diagram showing which pins on the
three valve dnivers connect with which pins on the /O board, along with the external

circuit is also given in Appendix 2.

The SBA shown in Figure 4.2 is the “heart” of the system, where the sample and solvent
lines meet just upstream (below) the shallow-bed, which in turn is just upstream of the

detector window. The design is meant to limit sample dispersion between the shallow-
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bed and the detector during the desorption step. The pure solvent flow channel is in-line
with, and of the same diameter (i.e. 2.0 mm) as, the shallow-bed and the cuvette
downstream (above it). The reason for this is to maintain a straight velocity profile, with
no stagnant zones or recirculation zones [104-106]. The flow channel which delivers the
sample is at a right angle to the solvent flow channel, because sample dispersion does not
need to be limited during the equilibration (i.e. loading) step. The 90 degree angle
allows one to place the junction very close to the shallow-bed, which makes for easy

washing out of the sample during the flush step.

A nut is used from above to apply pressure on all the parts of the assembly from the top,

which 1s necessary to enable a seal (not shown in Fig. 4.2).

4222 Union Giken Stopped Flow Device

The Union Giken stopped flow [85, 86] device (RA — 401) is a pressure-driven system,
which is used to study the rates of fast homogeneous chemical reactions. The schematic
of the flow system in the factory-supplied instrument ts shown in Fig. 4.3. Before the
stopped flow experiment starts, the two 5 mL reservoirs are filled with solutions
containing the reactants. Both of the reservoirs are pressurized by an inert gas from one
pressure tank; the gas space above the solutions in the reservoirs is connected via a hole
Jjust above the solutions as shown in Fig. 4.3 A. The flow is started and stopped via a
Flow Stop Valve seen on the right of Fig. 4.3 A which is a gas-pressure-driven on/off

valve with an electromagnetic actuator. When the valve is open the pressurized solutions
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Fig 4.3. Modification of the stopped flow apparatus to obtain a shallow-bed Type 11
instrument A: The schematic of the flow assembly of the Union Giken apparatus scanned
from thc user manual; PM = photomultiplier. B: the modifications donc to enabie the
study of desorption kinetics from a shallow bed; P1. P2. P3. V1. V2, V3, and SBA are the
pumps, valves and the location of the shallow-bed assembly from in Fig. 4.1.
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from the reservoirs flow downstream at a very high velocity. The solutions from the two
reservoirs meet at the 4 jet mixer, where they rapidly mix. The mixed solution is carried
towards the fiowceii iocated 2-5 mm above the point of mixing. The flow-cell is a2 mm
ID synthetic quartz tube which is put into a plastic (Daiflon®) holder, in which 2 mm-
high windows are drilled out. When the flow is stopped, the changing absorbance of one
of the reactants or products is monitored as a function of time. A stopped-flow device
was chosen to be modified for the study of intraparticle kinetics because it has the
capabilities of measuring rapidly changing absorbances in the UV and Visible regions.
This Union Giken apparatus was a gift from Dr. Monica Palcic of the Chemistry

Department at the University of Alberta.

The detection system includes the cylindrical quartz cuvette, 6 mm O.D and 2 mm ID and
its holder, which are both shown in Fig. 4.2. It also includes UV (deuterium) and visible
(tungsten) lamps, a monochromator, and a photomultiplier (PM in Fig. 4.3), a system
controller (not shown in Fig. 4.3), and the assembly containing the lenses enabling light-
focusing on the region of the quartz cuvette defined by the windows (also not shown in
Fig. 4.3). The system controller enables voltage control to the PM, and it outputs the PM
signal in absorbance or transmittance units (absorbance mode was used in all
experiments). It also enables the setting of the time constant from 0.1 to 30 milliseconds,
(time constant set at 1 ms for all experiments), and signal amplification (gain) from 0.1 to

100, (gain = 10 was used for all experiments in this chapter).
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The modifications to the Union Giken system involved primarily the flow control of the
system, and are schematized in Fig. 4.3. B. The overall goal of the modifications is to
place a shaliow-bed in between the flow cell and the mixer from the Fig 4.3 A, and to
change the delivery of solutions so that instead of the two solutions being delivered at the
same time, the solutions can be delivered one at a time in a controlled fashion. The
detection system is left intact. The plumbing was modified by treating the reservoirs not
as containers but as simply a part of the tubing/channel system connecting the solutions
from the constant pressure pumps to the detection system. This involves filling the
reservoirs completely with liquid and connecting one of them to P1/ P2 (solvent carrying
either the solute or IRF-Marker) and valve V2, while connecting the other one to P3 (pure
solvent) and valve V3 from Fig. 4.1. This also requires that the hole connecting the two
reservoirs be plugged, as shown in Fig 4.3 B, which was done by the chemistry machine
shop. The block to replace the 4-jet mixer was also redesigned because it has to contain
the shallow-bed in between the point where the channels meet and the detection window.
The schematic of this flow-channel block, which was made in the chemistry machine
shop, has already been described as Fig. 4.2, and the schematic of the washers and other
parts immediately attached to the shallow-bed is shown in Fig. 4.4. The change of the 4-
Jjet mixer 1s also symbolized in Fig. 4.3 B by the changed geometry of the delivery

channels compared to Fig. 4.3. A.

Since the original deuterium lamps are not in production anymore, new lamps with the

same optical characteristics were employed (L2D2, Type L 6310, Hamamatsu,

Middlesex, NJ, USA) along with a new power supply (Model C1518, Hamamatsu).
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4223 Further close-up of the of the shallow-bed parts

The shallow-bed is located in the SBA as shown in Fig. 4.2 in between the flow-channel
block and the quartz cuvette. The close-up of all the parts in between the flow-channel
and quartz-cuvette is shown in Fig. 4.4. The shallow-bed itself is 0.6 mm high and 2 mm
in diameter and it is contained in a stainless steel (s.s.) washer 0.6 mm high, 2 mm ID,
and 6 mm OD (center washer in Fig. 4.4). The particles are actually packed into silicon
gnids which fit into this washer. These silicon grids are micro-fabricated perforated
plates, with square through-holes 200 um on a side, and 40 um thick walls. Each silicon
grid is also 200 pum high, so there are three plates stacked in the s.s. washer containing
the shallow-bed. They serve to stabilize the bed during the flow experiments, so that no
gaps or channels develop in the packing. Just above and below the shallow-bed arc
nickel meshes (7.5 pm hole size and S um thick, Intemet, Minneapolis, MN, Part # BM
2000-01-N) which retain the packing in place. On either side of the shallow-bed there is
one more, empty, silicon grid, further followed by a s.s. screen (2 um pore size, ca. 75
um thick, Anspec, Ann Arbor, MI, USA). The purpose of such an arrangement is to
ensure that the Nickel meshes are flush with the top and bottom of the packing, while at
the same time providing structural support to hold the assembly in place during the high

flows employed.

Since a good seal cannot easily be formed between flat stainless steel surfaces, a soft
gasket must be placed between them. However, it is required in this assembly that the

s.s. washers are as close together as possible to keep the thin nickel meshes flush with
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Fig. 4.4: Schematic of the particle-packed shallow-bed and other parts located in
between the flow channel block and the quartz cuvette of Fig. 4.2. Not to scale. 1; woven
s.s. screen, 2; empty silicon microgrid (200 pm high); 3: nickel mesh, 5 pm thick, 7.5 pum
hole size; 4: s.s. washers 6 mm OD, 2 mm ID. Centre washer is 600 um high while the
outside washers are 200 um high; 5: packed shallow bed consisting of PRP-1 packed into
3 silicon microgrids, each 200 um high; 6: teflon membrane pressed into the s.s. screen.
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the shallow-bed. The seal is achieved by putting a thin layer of Polydimethylsiloxane
(PDMS) elastomer on the sealing surfaces. To do this, a thin film of a liquid
poiymerization mixture, with 10:1 ratio of elastomer to curing agent, (Sylgard 184 from
Dow Coming) is simply deposited on the s.s. washers, followed by curing for at least 24

hours at room temperature.

The woven stainless steel screen is, of course, permeable in the direction perpendicular to
its face, from top to bottom. In addition, however, it is also permeable laterally, through
the plane of the screen, which causes the system to leak if the screen is used as-ts. This
condition is also remedied by impregnating the outer margin of the s.s. screen with the
polymerization curing mixture just described. The fluid mixture travels a short distance
into the screen through capillary action, and fills up the spaces in between the woven
wires. After several hours of curing at room temperature, the mixture solidifies, leaving a
non —porous region of the s.s. screen. The screens were impregnated with the PDMS
elastomer in the region between the outside edge and 1.5 mm from the edge - leaving the

centre of the screens porous and permeable to through -flow.

A thin washer, made of porous Teflon membrane (Zitex, 10-20 um pore size) is placed
on either sides of the woven s.s. screen as shown in Fig. 4.4. Even though the porous
membrane is 0.005” thick (125 um), it collapses upon pressure to yield a non-porous
matenial, which is much thinner. It is used to protect the fragile quartz cuvette from being

damaged by contact with a hard , uneven surface of the woven s.s. screen (The amount of
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the PDMS elastomer, with which the s.s. screen is impregnated, is assumed to be too thin

to risk direct pushing against the quartz cuvette).

It should be noted that not all the items mentioned in the design of the shallow-bed may
be essential. However, the described arrangement was the first one tested that yielded
reliable seals along with a stable shallow-bed. It was also found that the length of the
shallow-bed cannot be much shorter than 0.6 mm. Experiments carried out on shallow-
beds which were 0.2 mm thick, for example, always yielded extremely noisy desorption
curves. The reasons for this phenomenon were not investigated; however, channeling is a

possible explanation.

4224 Packing of the shaliow-bed

The shallow-bed 1s packed in a separate, temporary assembly, by vacuum-driven slurry
packing. The procedure is schematized in Fig. 4.5. The silicon grids are put into the 0.6
mm thick s.s. washer (the same washer as the center one in Fig. 4.4), which is covered on
the bottom side with the nickel mesh, to trap the packing. The Ni mesh sticks to the s.s.
washer because it is partially pressed into the PDMS elastomer film. The unpacked
shallow-bed 1s then placed on top of a woven, s.s. screen which serves as support. The
whole assembly is connected to vacuum from undemeath, via a specially-made manifold.
The top surface of the washer is temporarily connected to a s.s. tube, (2 mm ID, 6 mm
OD, 20 mm long) using the PDMS elastomer film, as described earlier. A 50 uL

Eppendorf pipette tip is placed into the top of the tube to serve as a reservoir for the
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Fig. 4.5. Slurry packing procedure for the shallow bed. The stirred slurry from the
beaker (1) is aspirated into a micropipette (2) and transferred into the s.s. tube (3).
Another pipette tip (4) serves as a slurry reservoir on top of the s.s. tube to facilitate the
transfer. The shallow bed to be packed is made up of the s.s. washer filled with 3 silicon
gnids plus one Ni mesh on the bottom (5) it is placed on top of a s_s. screen (6), which in
turn sits in a well in the packing manifold (7) which is connected to the house vacuum.
After slurry packing, the washer with the silicon grids and Ni mesh is taken out and extra
particles are removed with a surgical blade (8).
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slurry solution. A slurry of PRP-1 in ethanol, ( about 0.02% by mass) is pipetted into this
reservoir using a micropipette. The beaker from which the slurry is aspirated by the
micropipette is continually sonicated and stirred during the packing process. Usually,
about 5 mL of the slurry are needed to fill in the shallow-bed. It takes about 10 refills of
the micropipette and about 15 min to fill the bed. After filling the bed, the s.s. tube is
taken away, the excess packing is removed, and the top Ni mesh is put in place. This is

followed by placing the packed bed in the shallow-bed apparatus.

4.2.2.5 Fabrication of the silicon grids

The microfabricated silicon grids help in the packing of the shallow-bed by preventing
the shifting of the packing by currents which develop as the pipetted slurry wets the
packing and then passes through. They are also thought to stabilize the bed during the
kinetic experiments, again by preventing the shifting of the packing. They essentially
serve as fences, preventing particles from shifting; it was found that, because of the fast
flows and changing pressures in the described apparatus, the packed shallow-bed has to
be structurally robust in order to maintain a relatively uniform permeability to flow
throughout its area. Normally, high packing stability is achieved by using high pressure
slurry packing techniques. However, packing such a short column volume using the
conventional slurry packing technique can be difficult, and an apparatus for packing such
beds is not commercially available. In addition, a densely packed bed may exhibit

smaller permeability to flow than a more loosely packed one, which is not necessanly
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desirable for the shallow-bed experiment. Thus, a slurry packing technique using only
the house vacuum line was developed as described above, and the silicon grids were

found to stabiiize the shailiow-beds packed by this technique.

The silicon grids were fabricated at the University of Alberta Nanofab facility. The
pattern was designed in L-Edit, and allowed fabrication of 27 such grids per 4” silicon
wafer. The pattern was etched onto a chrome mask, using standard procedures. Each
200 pum—thick silicon wafer (Plane: <100>; resistivity: 1-20 ohm/cm; Virginia
Semiconductor, Frederickburg, VA) was exposed to water vapor-saturated flowing
nitrogen gas in an oven at 1100 °C to make a 1.2 pum thick film of silicon dioxide. The
wafers were then coated with a layer of HPR 504 photoresist, and exposed
photolithographically to the grid pattern on the mask. The exposed photoresist was
washed away, leaving the bare silicon dioxide surface. The wafer in turn was bathed in a
buffered oxide etch, containing HF, for 25 minutes, to leave the original Si over places on
the surface where the grid holes were to be created. Deep Reactive Ion Etching (DRIE)
was then performed to “dnll” the through-holes and free the grid from the rest of the
wafer. An Oxford Instruments System 100 DRIE (Bristol,UK) operating the Bosch
process with an ICP power of 500 W was used. Etching was done at 20 W for 10 s (SF,
flow rate75 sccm), followed by 10 W for 7 s (CsF3 flow rate SO sccm) during the polymer
deposition step. Between 320 and 350 cycles were needed to etch all the way through the
wafer. The square holes have the diameter of either 100 pm or 200 um and the walls have
thicknesses of either 30 um or 40 um, respectively. The silicon grid, packed with PRP-1

particles, is shown in Fig. 4.6
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Fig 4.6 Confocal image of the surface of a part of a Silicon Grid packed with PRP-1.
The 1mage is 1.4 mm on a side. Each hole is 200 um by 200 um wide, and the grid is 200
pm deep. In the top left comer is visible a part of the s.s. washer in which the grid is
placed. The yellow line at the bottom right corner is 200 um. The black piece in the hole
second from the top and second from the right is a broken—off piece of the silicon wall
from elsewhere in the grid formed during the packing procedure.
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4.2.3 Procedure for Desorption Rate Measurement

The fiow sequence is controlied by the states of the three solenoid valves shown in Fig.
4.1. There are five distinct steps per cycle, and the valve states during each of the steps
are tabulated in the table undemeath Fig. 4.1. At first, as in Fig. 4.1 A and 4.2 A, all the
solenoid valves are in the un-energized state, and their arrangement is such that there is
no flow, even though the constant-pressure pumps are pressurized. The next step is the
equilibration of the shallow-bed with the sample solution, and it starts when V1 becomes
energized and the solution of either NA or PGL flows through the shallow-bed, as in Fig.
4.2 B. The equilibration step lasts at least 70 seconds, which is more than enough time
for sorption equilibrium to occur. (The results are independent of equilibration time in the
range studied.) Next, V1 becomes un-energized again, and the valves return briefly to the
same state as in Fig. 4.1 A. This step can be called the time-out, and it has no purpose in
the experiment, other than that it is required for the proper functioning of the timing
sequence of the clocks on the VO board. The fourth step is called the flush step, during
which sample is flushed from just upstream of the shallow-bed by energizing valves V2
and V3, but leaving V1 in its resting state. The solvent from P3 pushes the sample back
through the sample channel in the mixer and out to waste as seen in Fig. 4.2 C. The flush
step is always one second long. The final step is the desorption, where all the valves are
energized and the solvent from P3 flows directly through the shallow-bed, as in Fig. 4.1

B and Fig. 4.2 D.
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The purpose of the flush step is to remove all of the solute from underneath (upstream of)
the shallow-bed, while leaving the sample solution surrounding the particles in the bed
undisturbed. The liquid right underneath the bed, but above the junction of the sample
and solvent delivery channels is not swept out directly. However, it is expected that the
recirculation zone present in that cavity, shown as a circular arrow in Fig. 4.2 C,

contributes to the flushing out of the solute from that region.

Since the sequence is computer controlled, the cycle portrayed in Fig. 4.1 can be repeated
any desired number of times. The entire cycle is repeated five times, with the help of the
computer-controlled program to form a set of cycles. Sets of cycles for the sorbed solute
NA and for the IRF-Marker PG are run alternately. The flow-rate is measured after each
five-cycle set by determining the time it takes for the solvent (from P3) flowing through
the shallow-bed to fill a volumetric flask. This is done by manually switching the
solenoid valves to the position in Fig. 4.1 B. (or position in Fig. 4.2 D). If necessary,
the pressure applied to the constant-pressure pumps in Fig. 4.1 is increased to compensate
for the change in flow-rate. The flowrates for the NA and PG sets are matched to less

then 1%.

4.2.4 Deconvolution and filtering

Deconvolution and filtering are performed the same way as described in Chapter 3.
Section 3.2.3. The sole difference is in the frequency filters used. They are ({0,1},
{0,1}, {21.97,1}, {31.49,0}); ({0,1}, {0,1}, {24.90,1}, {29.78,0}); ({0.1}, {O,1},

{23.68,1}, {33.45,0)); ({0,1}, {0,1}, {26.86,1}, {36.62,0}) for runs 1 through 4,
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respectively. The different vertices of the trapezoidal filters stem from the fact that

different flowrates were used for the 4 runs.

4.3 Results and Discussion

The following topics are considered: the choice of PG as an IRF-Marker, the observed
and the corrected instantaneous rate curves, and the cumulative rate curve. The
cumulative rate curve is quantitatively interpreted in terms of theory. Finally the

attainment of shallow-bed conditions is discussed.

4.3.1 The choice of PG as an IRF-Marker

The ‘desorption’ rate curve for the IRF-Marker serves two purposes. First, it is
subtracted from the solute run (NA) in order obtain the signal of the actual desorbing
solute from that of the solute in between the shallow-bed and detector. Second, its
derivative, according to Eq. 2.27 quantifies the effects of band broadening in a Type Il
shallow-bed instrument. The use of an unretained compound (PG) as the IRF-marker
presents problems both with the subtraction step and with obtaining the IRF. Both
problems stem from the fact that PG enters the pores of the PRP-1 packing and their

origin is discussed in the next two paragraphs.

First, the desorption process of a solute (NA) from a porous particle should include all of

that solute that was in the particle, whether by sorption onto or into the walls. or by its
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presence in the stagnant mobile phase in the pores of the particle. If the PG run (scaled
by Eq. 2.24) is subtracted from the NA solute run, an amount of NA equal to that which
was in the particle pores is included in the subtraction. This is an error. However, for the
desorption of NA from PRP-1, the amount of the solute present in the pores is less than 2
percent of the NA which is sorbed. This can be shown by the following numbers. The
retention factor of NA on PRP-1 in 85/15 MEOH/H;O is determined to be 28.5 by
column chromatography [46]. Since, for €inga = 0.31 and &imer = 0.33 [46]. the ratio R,
defined as the moles of NA sorbed to the moles of NA in the pores of the particles, is
calculated to be equal to 55.3 via Eq. 1.12, and the quantity (100% - 1/55.3) is less than
2%. Thus, the solute in the pores represents a small fraction of the total amount of NA in
the particle. Furthermore, the desorption of PG from the pores of the particles takes place
very quickly (under 0.1 sec) when compared to the entire desorption process of NA from
PRP-1 (about 60 sec). Thus, the error introduced by subtracting this imperfect IRF-
Marker is important only at small times and is small in magnitude, and PG can be used

without employing any correction.

The second problem has to do with the use of the IRF peak in deconvolution, in order to
correct for band broadening. The IRF-curve should arise only from the processes giving
rise to the dispersion between the particles of the shallow-bed and the detector. Since the
PG which is present in the stagnant mobile phase in the pores of the particles has to
diffuse out to the surface of the particle before it is carried away, this pore diffusion of
the non-sorbed PG also contributes to the observed band broadening. This creates an

error in the determination of the IRF. However, it will be shown in Chapter $ that the
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effect of the PG in the pores distorts the shape of the true IRF-curve to a negligible
degree; overall this effect, as well as the effect described above, together are expected to
introduce an error of less than 5% in the determination of the fast kinetic parameters.
Furthermore, and again, the distortion due to the instrument band broadening is important
only at short times (approximately 3 s) in this instrument. As stated above, the overall
desorption process lasts approximately 60 seconds, and distortions in the early part of the

curve are not critically important.

Because of these reasons, the errors introduced by the use of PG as an IRF-Marker are
not deleterious to overall information obtainable from the kinetic data. Therefore, it was
decided to proceed with the deconvolution using PG, an unretained, but not excluded
compound. In Chapter 5, however, kinetic processes lasting only 0.5 seconds to
complete take place, and it will be more critical to correct for the fact that PG is not

excluded.

4.3.2 Instantaneous Desorption Rate Curves

Four NA desorption runs were performed. The A(t) vs t data for each run were obtained
by averaging 4-7 sets of 5 cycles (20-35 cycles) for NA and the same number of cycles
for PG, all at the same flowrates (within less than 1% relative). Run 1 was performed

with shallow-bed #1, while Runs 2-4 were performed with bed #2.
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Data for the first 2 sec in a typical experiment (Run 1) on NA and on PG are shown in
Figs. 4.7 and 4.8. Figure 4.7A shows the observed curve of normalized A(t) vs t for the
desorption of NA as well as the curve for the IRF-Marker PG. Figure 4.7 B repeats the
A(t) vs t curve for the IRF-Marker curve, and also shows the negative derivative of this
curve which serves as the IRF in accordance with the discussion of section 2.2.5. All
curves have been normalized so that the absorbance of the plateau at the start of the
experiment is equal to 1. Figure 4.7 C results from subtracting the dashed line in Fig. 4.7
A from the solid line in Fig. 4.7 A. Figure 4.7 D shows the result of deconvolution of 4.7
C with the solid line in 4.7 B. In order to clarify their significance, the solid curve in
panel A, the dashed curve in panel A and B, the curve in C, and the curve in D of Fig. 4.7
may be compared respectively to the corresponding simulated curves: solid line in Fig.
2.6 B, the dashed line in Fig 2.6 B, the shaded part in Fig 2.6 B, and the shaded part in

Fig 2.6 A respectively.

Deconvolution and digital filtering in the Founer domain were performed by the
following steps, which are descnibed in more detail in Chapter 2, Section 2.3 [88-90]:
complex division of the Fourier transform of curve 4.7 C by the Fourier transform of the
solid line in 4.7 B (the normalized PG curve) multiplication of the quotient of this
complex division by the trapezoidal filter function ({0,1}, {0,1}, {21.97,1}, {31.49,0})
[88] in order to remove high frequency noise (>31.49 Hz); and inverse Fourier

transformation to produce the deconvolved data in the time domain in Fig 4.7 D.
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Fig 4.7. Correction for experimental artifacts of the instantaneous desorption rate curve
for Run 1. Panel A contains the normalized A(t) values (or normalized concentrations in
the detector) observed for the NA run (solid line, average of 20 cycles) and the PG run
(dashed line also an average of 20 cycles). Fig 4.7 B shows the PG run again (thin
dashed line) and its negative derivative which is used as the IRF (solid line, the y-axis
scale for this line is on the nght of the panel ) Fig 4.7 C shows the difference of the
subtraction of the PG curve from the NA curve from panel A. Fig 4.7 D shows the result
of the deconvolution of the difference curve in panel C with the IRF in panel B. All runs
are shown from 0-2 sec.
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Fig 4.8 shows a portion of the difference curve and the deconvolved curve from Fig. 4.7
C and D, respectively, for times between 1 sec and 4 sec. Both curves were smoothed by
the Savitzky-Golay [107] method in order to facilitate visual comparison. Since the
deconvolved curve is automatically corrected for time delay, the difference curve is also
plotted on the corrected time axis. The correction is to subtract the center of gravity of
the IRF-curve (the first statistical moment) from the time axis of Fig 4.7 C. The center of
gravity of IRF is 0.208 sec for run 1, so the time of 0.208 sec in Fig 4.7 C becomes 0.000
in the corrected axis of Fig 4.8. Comparison between the two curves reveals that at times
longer than about 3.0 sec they become identical to one another (i.e. absorbances at
cormresponding times agree within 1% relative). This is true for all of the NA runs listed
in Table 4.1 (Table 4.1 is found in Section 4.3.3). The significance of Fig. 4.8 is that
after about 3 sec the distorting effects of extra particle NA and of band broadening
become negligible. The deconvolved curve is noisier because of the small amount of
ringing noise associated with deconvolution, which could not be totally reduced by

smoothing.

Fig 4.9 shows the deconvolved A(t) vs t curves for runs 1-4 using data from 0 to 2 sec.
The insets show the deconvolved A(t) vs t curves for longer times (i.e. for 2 - 69.5 sec). It
is quite apparent from the long-time curves that the S/N ratio is low for data much
beyond 10 seconds, after which the signal becomes quite small. The baseline exhibits
low frequency noise (less than about 0.5 Hz), the magnitude of which was determined to
be around + 1-10™ absorbance units, which is on the order of the A(t) signal from about

20 seconds onward.
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Fig. 4.8. Comparison of the difference curve (plotted vs. corrected time) and the
deconvolved curve for Run 1, from 1 to 4 sec. At times beyond 3 seconds, the
deconvolved curve (the grey line) from Fig 4.7 D and the difference curve from Fig 4.7 C
(black line) are within 1% relative on averaged. The deconvolved curve is noisier
because of the ringing noise introduced by a frequency filter during deconvolution.
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Fig. 4.9. Deconvolved A(t) vs. t curves for the desorption of NA from PRP-1. Panels A-
D contain Runs 1-4 respectively. The main part of each panel shows the deconvolved
curve from 0-2 sec, while the insets show the desorption curve from 2 seconds onward.

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3.3 Cumulative desorption rate curve for NA

The deconvolved instantaneous rate curves (eg. Fig. 4.9) were digitally integrated
between 0 and 69.5 sec for all four experimental runs using Excel software. The average
absorbance between 60 and 70 sec was taken as baseline and the results of the
integrations were multiplied by F/e/ in order to obtain the cumulative rate curves for
desorption of NA, as described by Eq. 2.29. The cumulative rate curves for Runs 1-4 are
shown in Fig. 4.10 as solid lines, each one of which is actually composed of 17500 data
points. Prism Software Version 4.00 (GraphPad Software, San Diego, CA) was used to
fit Eq. 2.1, descrnibing spherical diffusion (20 exponential terms), as well as Eq. 2.4,
describing biporous spherical diffusion (11 terms each for the fast and slow process), to
all of the points starting at 0.024 sec. The use of 11 terms in Eq. 2.4 does not allow for

fitting times shorter than 0.024 sec.

The non-linear regression fit-lines of Eq. 2.1 (spherical diffusion) to the data for Runs 1-4
are shown with a thin dashed line in Fig. 4.10. The correlation coefficient (R?) values are
0.768, 0.744, 0.769, and 0.693 for Runs 1 through 4, respectively, which indicates a bad
fit to the data points. The non-linear regression fit-lines of Eq. 2.4 (biporous spherical
diffusion) to the data for Runs 1-4 are shown with thick dashed lines in Fig. 4.10. Fitting
parameters n;o and 3 and other parameters for all four runs are summarized in Table 4.1.
Correlation coefficients (R?) are much higher (though not very high) suggesting that Eq.
2.4 describes the data much better than Eq. 2.1. The average values, with standard

deviations (n =4), of parameters J3; (fast desorption rate constant, Eq. 2.3) and 8, (slow
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Fig 4.10 A. Fits of Eq 2.1(thin dashed line) and 2.4 (grey line) to the cumulative NA
desorption curve from PRP-1 for Run 1, integrated from 0-69.5 sec. Inset: Fit of Eq. 2.30
to the instantaneous A(t) vs t data from 5-20 secs using non-linear regression.
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Fig 4.10 B. Fits of Eq 2.1 and 2.4 to the cumulative NA desorption curve from PRP-1 for
Run 2, integrated from 0-69.5 sec. Inset: Fit of Eq. 2.30 to the instantaneous A(t) vs t
data from 5-20 secs using non-linear regression.
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Fig. 4.10 C. Fits of Eq 2.1 and 2.4 to the cumulative NA desorption curve from PRP-1
for Run 3, integrated from 0-69.5 sec. Inset: Fit of Eq. 2.30 to the instantaneous A(t) vs t
data from 5-20 secs using non-linear regression.
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Fig 4.10 D. Fits of Eq 2.1 and 2.4 to the cumulative NA desorption curve from PRP-1 for
Run 4, integrated from 0-69.5 sec. Inset: Fit of Eq. 2.30 to the instantaneous A(t) vs t
data from 5-20 secs using non-linear regression.
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Table 4.1. Parameters from non-linear regression fit of Eq. 2.4 for biporous spherical
diffusion to the cumulative desorption rate curves of NA (n;¢.as, Niosow, P1

and f3, are fitting parameters).
Result/Parameter _ Run1* Run p Run3® Run 4°
msg (x 10° g) 0.505 0.51 0.51 0.51
filaee (x 10° mol/L) 0.493 499 0.499 6.499
F (x 10° L’s) 14.3 10.9 14.4 175
Ni 0.2 + Niostow (X 10'° mol) 9.2 9.8 10.5 10.6
N0 st / N0 slow 0.16 0.14 0.11 0.12
Bi(s") 32 34 4.0 44
B2(s™) 0.069 0.050 0.061 0.038
R? 09943 09883 0.9831  0.9862
2 Run 1 was performed on shallow Bed # 1, and it is an average of 20 NA cycles
subtracted from 20 PG cycles

® Runs 24 are performed with Bed # 2. Runs 2 and 3 are both average of 25 cycles
of NA and PG, while Run #4 is an average of 35 cycles.
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desorption rate constant, Eq. 2.5) for the two diffusion processes, with standard
deviations, are $; =3.7 £ 0.5s™ and B, =0.055 £ 0.013 s. The value for D;in the
mesopores (fast process) is calculated from B, via Eq. 2.3 tobe (9.4 + 1.3) - 107 cm® s
The value for D; inside the PRP-1 matrix will be discussed below in Section 4.3.7,
because its calculation from B, requires knowledge of the microspherical aggregate
radius. The ratio of the equilibrium moles sorbed into the matrix to the moles adsorbed
onto the pore walls 1s, n; g sow/ N0 ast, = 0.13 £ 0.02. Previously reported vaiues for these
parameters which were obtained from shallow-bed sorption rate experiments [28], are f;
=1.7£0.3s", B2 = 0.086 + 0.007 s and n; 0 giow/ Nio s = 0.1 = 0.03, based on 4 kinetic
runs. The comparison of the present values with the sorption values reveals that both f3,
(and D; for the mesoporous diffusion, which is proportional to 8, ), and B, fail the t-test at
the 99% level, while the values for n; g sow/ Di 0 s pass the t-test at the 95% confidence
level. The diffusion parameter for mesopores is more than 2 times higher in the present
case, while the diffusion parameter in the micropores is about 35% lower. The ratio of
moles in the matnx to that adsorbed on the mesopore walls, obtained from fitting the
present data to the biporous equation is statistically indistinguishable from the previous

results.

4.3.4 Linear Isotherm

The sorption isotherm of NA from 85/15 MeOH/H;0 onto PRP-1 has been previously
found to be linear up to a solution concentration of about 5 x 10® mol/L, with a

distribution coefficient of 0.039 L/g [28, 46]. Since the loading step of PRP-1 was done
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with solutions containing this concentration or less, all experiments were performed in

the linear region of the NA isotherm.

4.3.5 Shallow-bed conditions

The requirements which need to be met for the achievement of shallow-bed conditions
have already been discussed in Section 2.4 and Section 3.3.4. In short, shallow-bed
conditions can be effectively achieved if the maximum desorbing solute concentration
never exceeds a very small fraction of the feed-solution concentration. For this purpose it
is useful to refer to Fig 4.7, which has been normalized so that the absorbance (or
concentration) of the feed solution is equal to 1. The plot of the normalized, deconvolved
desorbing concentration is shown in Fig 4.7 D. It is apparent that at small times the
desorbing concentration is almost equal to the feed concentration. Therefore the
requirement of zero solute concentration is clearly not achieved in this case. This is true

for all the runs.

Whenever failure to meet shallow-bed conditions is suspected, it is useful to fit the
desorption data with an equation which accounts for this effect. Eq. 2.32 takes into
account non-shallow bed conditions and/or film diffusion, and the magnitude of one of its
fitting parameters, L, is indicative of the presence of one or both of these retarding effects
on the desorption rate. When the parameter L in that equation has a small value (less

than ~ 25) it signifies either a failure to meet shallow bed conditions and/or a significant
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presence of film diffusion. However, Eq. 2.32 can be applied only to spherical particles
with a single intraparticle diffusivity (monoporous), while the PRP-1 particles studied
here are biporous. While a solution to this problem will be attempted in a later section, it
1s useful here to estimate whether shallow-bed conditions, though not met rigorously, are
approximately met by using known experimental parameters and conditions. Eq. 2.34

relates the value of L to the flowrate, the amount sorbed, and the kinetic parameters of a

sphere [72]:
_Fli}ye =
L= 3n., B (2.349)

When Eq. 2.34 is applied to the fast-sites (using the values of F, n; g ., and §; from Table
4.1) the average magnitude of L is only about 6, which is not large. (Compare this value
to the value 2.1 - 10’ from the conditions in Chapter 3). Therefore, according to this
criterion also, it is expected that shallow-bed conditions are not met. This means that the
values of B in Table 4.1 have a systematic error. In contrast, when Eq. 2.34 is applied to
the slow sites, the average value of L increases to more than 3000, meaning that the
values of 3, are free of such systematic error. That is, while shallow-bed conditions are
not met for the purpose of quantifying the kinetic parameters for fast desorption of NA
from the mesopore walls, they are met for the purpose of quantifying the kinetic

parameters for slow desorption from the polymer matrix.

The effect of flowrate at short times can be seen in Fig. 4.11 A, which shows the data
points for the cumulative curves for Runs 1-4 plotted from 0 to 0.05 seconds. They are

normalized so that the y-axis units are the fraction of the total moles desorbed in order to
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Fig 4.11. Effect of flowrate on the fraction desorbed at small times. Panel A shows the
fraction desorbed vs. time for Runs 1-4. Run 1, which is performed with a separate bed
from Runs 2-4, is shown as a dashed line. For runs 2-4 the flowrates used are in
ascending order (Run 2 has the slowest flowrate and Run 4 the fastest). The flowrate in
Run 1 is nearly identical to that for Run 3. See Table 4.1 for details. Panel B shows the
fraction desorbed at 0.04 sec. vs. flowrate.

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




account for the minor differences in the n; values in Table 4.1. The trend in the figure is
that the desorption rate at these short times is faster for runs carried out at larger flowrate.
Fig 4.11 B shows the fraction desorbed at 0.04 sec vs flowrate, and it is evident that there
is a positive dependence on the flowrate. This is consistent with the low value of the

parameter L for the fast sites.

4.3.6 Slow particle diffusion

The value of the parameter (B, = 0.055 + 0.013 s') obtained from Fig 4.10 is statistically
different from the value of 0.086 + 0.007 s™', obtained in the sorption experiment [28], at
the 99% confidence level, according to the t-test. The primary reason for this
discrepancy is the effect of the relatively large baseline noise, which makes it difficult to
determine accurately the kinetic parameters through fitting to Eq. 2.4. As seen in Chapter
3, another way to measure B, involves using long time data from the differential
(instantaneous) rate curves such as the one shown in the inset in Fig 4.9. A plot of the
natural logarithms of A(t) vs time for only the data at very long times is expected to be
linear because Eq. 2.30 (describing instantaneous absorbance observed downstream from
a shallow-bed where desorption is proceeding via spherical diffusion) reduces to a single
exponential term as the higher order terms become negligible. This approximation is
allowed when the value of t:po/r* > 0.05 to 0.1, depending on different authors [27, 51].
Assuming that the value of B, is either 0.05 or 0.1, the times after which this
approximation may apply is either 5 or 10 seconds. When the semilog plot is fit from §

to 20 seconds (plots not shown) the results among the four runs are f; =0.12 £ 0.02 5™,
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but the R? values are low (0.795, 0.9196, 0.9386, 0.9418 for Runs 1-4, respectively),

which is mainly due to the rather low S/N ratio which can be seen in Fig 4.9 at t > 10 sec.

An alternative approach is to directly fit the A(t) vs. t data at long times in Fig 4.9 with
Eq 2.30 by means of non-linear regression. The advantage of fitting the full Eq 2.30 is
that it does not rely on the validity of the assumption that all but the first exponential term
are negligible. The times fit are greater than 5 seconds, to insure that there is no
contribution from the fast desorbing sites, and smaller than 20 seconds, to ensure an
acceptable S/N ratio. Ten terms are actually used in fitting Eq. 2.30 (which has an
infinite number of terms), but 10 terms are more than enough to represent the curve at
times longer than S seconds. These data are shown as insets in Fig 4.10. The fitting
results obtained are B2 =0.13 £ 0.02 s, with nggow=1.2 - 10™"°, 1.08 - 107'°, 0.97- 107,
and 1.02 - 10™'° for runs 1-4 respectively, and R? values of 0.9155, 0.9582, 0.9706, and
0.9831. This value of njgow and the value n;g g from Table 4.1 yield a ratio of n; g gou/
Nions = 0.12 £ 0.02, which is in agreement with both the values obtained from the
cumulative desorption curves (0.13 = 0.02) and the values obtained from sorption rate
experiment (0.1 £ 0.03) in reference [28]. The value B, is, however, more than twice that
obtained by fitting the cumulative data with Eq. 2.4. As well the R? values are still

relatively low, most likely due to the presence of low frequency noise.

Table 4.2 shows the values of parameter 3, obtained via different methods described

above. From these data, it seems that the best way to express this value, along with a
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Table 4.2. Parameters for the slow particle diffusion process obtained by different

Di0.slow/ Ni.0.fast

means.
Method used to obtain parameters Ba(s™)
Fit of cumulative desorption curve to Eq.
0.055+0.013
2.4 (from Table 4.1, and Fig. 4.10)
Fit of instantaneous desorption curve to Eq.
0.13£0.02
2.30 (5-20 sec, from insets of Fig. 4.10)
Linear fit of a semilog plot of
0.12+0.02
instantaneous desorption curve (5-20 sec)
Fit of curnulative sorption curve to Eq. 2.4
0.086+0.007

(reference [28])

The value of n; o i used is the average from Table 4.1.
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0.13+0.02

0.12+0.02

0.12+0.02

0.1+0.03
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95% confidence interval , is = 0.1 + 0.05 s™'. This means that there is 95% chance that

B, lies between 0.05 and 0.15 5.

The diffusion coefficient inside the matrix of PRP-1 can be estimated from the value of

B2 = 0.1 s and the radius of the microspherical aggregates in PRP-1 by rearranging Eq.

2.5.
=°’D__

B, == 25)
rnna'osphae

The I'microsphere Can be estimated as follows: In porous particles used for HPLC the pore-
size (10 nm for PRP-1) is of the same order of magnitude as the diameter of the
microspherical aggregates in between which the pores exists [1]. Therefore, the value of
Tmicrosphere Can be assumed to have a value of approximateiy 5 nm. Rearrangement of Eq.

2.5 gives a value of the Duagix ~ 3 -107"° cm? sec”.

4.3.7 Estimating the value of D, for the fast sites.

The discussion from Section 4.3.5 suggests that while shallow-bed conditions are met for
the slow sites, they are not met here for the fast sites of PRP-1. When this is the case, an
erroneous value of D; is obtained from fitting with Eq. 2.4, because it doesn’t account for
the effect of slow flowrate. It is thus desirable to fit the data with Eq. 2.32 which does
account for effect of slow flowrate [72]. However, Eq. 2.32 assumes that the spherical

particles are monoporous (have only one intraparticle diffusion coefficient) while PRP-1
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is a biporous particle, (displays slow and fast intraparticle diffusion coefficients). It is
therefore desirable to subtract the contribution of the slow-sites before fitting with Eq.
2.32, so that only the data relating to the fast-sites remain. The best fit values of B, and
Niosiow fOr Runs 1-4 from Table 4.1 were used to model the slow part via Eq. 2.1, and the
modeled curves were subtracted from the overall desorption rate curves for Runs 1-4.
The resulting difference represents the fast sites only and is shown from 0 to 1 seconds as
the solid line (actually 250 data points) in Fig 4.12 for Run 1. The fit of Eg. 2.32 to this
fast-site-only curve for Run 1 is shown in Fig 4.12 as the thick grey line. The fit to
Eq.2.32 is very good with a high R? value (R? = 0.9993). The best fitting parameters for
the fast sites of all the Runs 1-4 are shown in Table 4.3: the average mesoporous
diffusion coefficient for all the runs is determined to be D; = (3.0 £ 0.7) x 107 cm®s™
while the values of L range from 2.0 to 4.5. Also shown in Fig 4.12 is a fit of the
spherical diffusion equation (Eq. 2.1) to the same data, represented as a thin dashed line.
This fit is much poorer, with an R? value of 0.9826. Similar R? values (~0.98) are
obtained for all four runs. It is apparent from the smaller R? value and from visual
inspection that, for times shorter than 1 sec, Eq. 2.1 does not fit the data as well as Eq.
2.32 does, and therefore, that the desorption data are not described by spherical diffusion
alone, but the effects of film diffusion and/or non-shallow bed conditions are also
important. It is thus more likely that the true mesoporous diffusion coefficient is closer to
the values obtained by fitting the fast-only rate-curve with Eq. 2.32 [D;= (3.0 £ 0.7) x
107 cm?®s™], than to the value of D; obtained in Section 4.3.3 by fitting the entire

cumulative rate curve with the biporous model of Eq. 2.4 (D; = 9.4 x 10° cm?s™).
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Fig. 4.12. The averaged desorption cumulative data for fast sites for Run 1, corrected by
subtracting the contribution of slow sites. Solid line is the corrected data, actually made
up of 250 data points. The thick gray line is the fit to Eq. 2.32, while the thin dashed line
is the fit to Eq. 2.1.
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Table 4.3. Parameters from non-linear regression fit of Eq. 2.32 to the cumulative

desorption rate curves for mesoporous diffusion only (fast sites), after

subtracting the slow part (ni as, Di, and L are fitting parameters).

Result/Parameter B Run 1* Run 2”~ _ Run3® Run 4 b
msg (x 10° g) 0.505 0.51 0.51 0.51
[ilye (x 10* mol/L) 0.493 0.499 0.499 0.499

F (x 10° L/s) 14.3 10.9 14.4 17.5
Nioga (x 10' mol) 7.7 8.3 9.1 9.1
D (x 107 cm® s™)° 1.9 35 34 3.1

L 4.5 2.0 2.6 3.6
R? 0.99934 0.999114 0.99887 0.99848

* Run 1 was performed on shallow bed#1, and it is an average of 20 NA cycles

subtracted from 20 PG cycles

b Runs 2-4 are performed with bed #2. Runs 2 and 3 are both average of 25 cycles
of NA and PG, while Run #4 is an average of 35 cycles.

< Mean value for Runs 14 is D; = (3.0 £ 0.7) x 10”7 cm?®s™!
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The effects of the failure to meet shallow bed conditions and/or external film diffusion
were not accounted for in the previous sorption studies, described in Reference [28] for
which a similar value of L (~ 6), can be calculated using Eq. 2.34. The mesopore
diffusion coefficient reported from previous work by sorption is (4.2 = 0.8) - 10% cm?s™.
This value was obtained by fitting the sorption rate data to Eq. 2.4, which is not correct
in view of the above discussion. However, the reported sorption rate value should still be
in agreement with the current value obtained by fitting the desorption rate data to Eq 2.4
[Di=(9.4%1.3)-10% cm?s™]. Yet they are statistically different and fail the t-test at the
99% confidence level. One plausible explanation for this fact is that the sorption data
suffers from undersampling at short times. In the sorption study, there were only three
data points collected in the first 2 seconds, while in the present case there are 500 data
points in the first 2 seconds. The combination of poor fit of Eq. 2.4 to the data at short

times combined with undersampling and the effect of data scatter likely accounts for this

discrepancy.

The relative contributions of particle diffusion and film diffusion to the desorption rate
from the fast sites of PRP-1 can be estimated by evaluating the relative contributions of
the two processes with Eq. 2.14. For NA, Dypis 1.1 x 107 cm?s™ and D; is 3 x 107 cm®
s (value obtained after accounting for small value of L), the ratio [i]pan /[i]mp 1S
calculated from x = 0.039 L/g and the density of 0.61 L/g [28, 46] to be about 25.5. If
Simer (between the particles) is assumed to be approximately 0.4, and the fraction of the
shallow-bed taken up by the grids (100 pm holes and 30 um walls) is approximately 0.41,

a value of 8 = 0.34 um is calculated for the fastest flowrate (Run 4,0.17 mL s, while &
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=0.40 um is calculated for the slowest flowrate (Run 2, F=0.11 mL s™"). The value of §
is calculated using the average of Eq. 2.12 and 2.13 for the Sherwood number. The value
of X from Eq. 2.14 ranges from 0.11 for the slowest to 0.10 for the highest flowrates used
in Table 4.1. These values are only slightly smaller than 0.13. This shows that the
desorption rate is significantly retarded by film diffusion, in addition to the already
existing distortion due to the failure to meet shallow-bed conditions. This reinforces the
fact that some error is to be expected in the determination of the diffusion coefficient by
fitting the desorption curve with purely intraparticle diffusion equations, neglecting film

diffusion, which is consistent with the results of Section 4.3.5

4.3.8 Mesoporous diffusion

The diffusion coefficient for NA in the mesopores obtained from fitting Eq. 2.32 to the
cumulative desorption rate curve is D; = 3.0 - 107 cm? s (Table 4.3). If NA was to
diffuse inside the mesopores of PRP-1 via sorption-retarded pore diffusion (SRPD), the
expected diffusion coefficient for NA in the mesopores of PRP-1 can be calculated via
Eq. 1.16 as follows. The parameter Dyp = (1.1+ 0.2) - 10° cm® s™ for NA in 85/15
MeOH/H,0 (from the Wilke-Chang correlation [99]), the parameter R in Eq. 1.16, for the
fast step, which the ratio of NA in the pores to the moles adsorbed on the pore walls but
not sorbed into the matrix, can be calculated as approximately 0.9 - R = 49.7 (R has
already been calculated in section 4.3.1 to be 55.3). Tortuosity is assumed to have the
value of 2 + 0.5, as discussed in sections 1.3.2 and 1.5.2. The hindrance parameter for

NA (molecular diameter of 6.2 A) inside the mesopores of PRP-1 (average pore size of
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75 A) is estimated to be 0.7 = 1 [27, 30, 31]. The estimated diffusion coefficient for NA
assuming SRPD mechanism is then calculated via Eq. 1.16 to be (7.6 = 2) - 10® cm® 5™
This value 1s 4 times lower than the D; value obtained from the fit with Eq. 2.32. Itis
thus likely that the majority of NA diffusive flux is occurring via surface diffusion, with a

surface diffusivity of Ds ~ 2 - 107 cm®s™ (calculated from Eq. 1.11).

4.3.9 Summary of sources of error

There are several possible sources of error in the determination of the kinetic parameters

in this chapter.

(1). The error from using PG as an IRF Marker. The fact that PG enters the pores of
PRP-1 makes it a potentially problematic IRF-Marker, as discussed in section 4.3.1. The
error that this contributes to estimating the diffusion coefficient inside PRP-1 is fully
treated in Chapter 5, where it is determined that the use of PG as the IRF-Marker gives
errors of less than 5% in the value of D;. In Chapter 5, the solute in the pores comprises
3% of the solute inside the particle at sorption equilibrium. In this chapter, the solute in
the pores makes up an even smaller fraction of the total solute in the particle — less than

2%. Therefore, this error will be even smaller here.

(2). Error in estimating the fast-site rate curve by subtracting the second term from

Eq. 2.4. In Section 4.3.7, it was necessary to approximate the shape of the cumulative
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desorption rate curve due only to the mesoporous diffusion (fast sites). To do this, the
effect of the slow sites was subtracted from the overall cumulative rate curve, based on
their best-fit parameters for B2 and n; g gow, to the biporous diffusion equation (Eq. 2.4).
However, the best fit values of B, show a considerable amount of variability between
runs, and they also vary depending on the method used to obtain them (See Table 4.2)
showing that this parameter is not known very accurately. In addition, the assumption
that there are only two types of sites in PRP-1 is an oversimplification. There likely
exists some sort of gradient between the fast and the slow sites, which means that they
cannot be fully described by two distinct diffusion coefficients. Moreover, Eq. 2.4 is
strictly valid only when the ratio of §;/ B2 > 1000, which is the point where the two
parameters become roughly independent of each other [78]. However, Table 4.1 shows
that the ratio of Bi/ B2 ~ 70 in this case. This suggest that at small times the slow
component desorption rate is actually affected by the presence of the faster component

and its desorption rate would not strictly follow sphencal diffusion.

(3). Effect of slow flowrate and extraparticle effects on estimating the mesoporous
diffusion coefficient. The second source of error, in addition to that associated with
subtraction of the slow part of the rate curve above, is that the magnitude of extraparticle
effects is large (i.e. the value of L in Table 4.3 is low — from L = 2 to L =4.5). Therefore
extraparticle effects have a major contribution to the observed shape of the desorption
rate curve associated with mesoporous diffusion. Obtaining D; from the fitting of such
desorption data to Eq. 2.32, corrects for this in principle but, in practice, it is prone to
errors analogous to when a minor component is calculated by subtraction of larger

components from an overall sum. The best way to reduce this effect is to flow faster or
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to use less stationary phase in the shallow bed (in order to increase parameter L from Eq.

2.32 through Eq. 2.35), however, this decreases the S/N ratio (See Eq. 2.30).

(4). Error in estimating the slow sites from the whole rate curve. As discussed above
in the second source of systematic error there are likely to be sites having intermediate
rates between the fast and the slow sites, and their time constants are likely not
completely independent. This not only causes error in the estimation of the fast-site rate
curve, but also in the determination of the slow-site rate curve. Such error is at least
partially remedied by fitting only the data after 5 seconds, were there is much less
influence from the faster sites, as shown in the insets of Fig. 4.10. As can be seen in
Table 4.2 values estimated in this way are larger (0.13+0.02 s™') than the values estimated
from fitting the whole curve (0.055+0.13). However, as can be see in the insets of Fig.
4.9 and Fig 4.10, at these longer times, the S/N is relatively low. This random error

reduces the precision with which 3; can be measured.

The S/N could be increased by lowering the flowrate. If the flowrate is slower the
concentration desorbing is higher which increases the signal observed, while the
magnitude of the instrumental noise remains roughly the same. Together this increases
the S/N ratio would reduce the uncertainty in the value of §,. However, decreasing the
flowrate would be detrimental to measuring the fast-site rate since it would decrease the

value of parameter L.

To sum up, the flowrate used is too slow to determine the diffusion coefficient in the
mesopores with good accuracy (because of small value of L), and yet it is also too fast to
accurately determine the slow diffusion kinetic parameter (low S/N).  Separate

experiments would be required for the fast and slow processes. Even if that was done, it
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has to be remembered that the assumption of two diffusion coefficients inside the PRP-1
1s a simplification; the border between the fast and slow diffusion sites may not be sharp

and there could be a continuum of sites between them.

4.4 Summary

The low extra-bed band broadening Type II instrument was designed to study desorption
kinetics from small HPLC-sorbent particles via the continuous monitoring shallow bed
technique. The use of an IRF-Marker, deconvolution, and other data-processing methods
corrects for the band broadening effects which remain. The technique allows for the
monitoring of the desorption rate with a very high sampling frequency to give a large
number of data points. The data obtained were fit to a conventional biporous diffusion
model [28, 78] and the results show that the sorption/desorption rate of NA into/from
PRP-1 involves both a fast and a slow diffusion process, with a majority of the capacity
belonging to the fast sites. In addition, systematic sources of error, such as failure to
meet shallow bed conditions and the presence of external film diffusion have been
identified, and their effects have been compensated for by using an appropriate
theoretical model. The compensated results show that the intraparticle mesopore
diffusion coefficient is faster than that onginally measured. This suggests that surface

diffusion could play an important role in the intraparticle mass transfer of NA inside

PRP-1.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Chapter 5: Fast desorption of 1,2-dimethyl-4-
nitrobenzene from Luna C-18 using Type |l instrument

In Chapter 4 the Type-II shallow-bed instrument was used for continuous monitoring of
desorption from the mesoporous polymeric HPLC packing PRP-1, which contains both
fast and slow diffusion regions. The flowrate could not be made large enough to closely
approach shallow bed conditions for the fast sites due to several experimental limitations
such as the need to have a large amount of packing, which caused a large resistance to
flow. In this chapter the Type-II apparatus is applied to the measurement of desorption
kinetics from an ODS HPLC packing, which exhibits only fast desorption. Small
modifications to the apparatus, procedure, and data processing are carried out in order to
increase flowrates and enable the study of sub-second desorption processes. The data are

interpreted in terms of pore and surface diffusion.

5.1 Introduction

Luna C-18 1s a porous ODS HPLC packing. Intraparticle mass-transfer inside can
proceed through two patallel processes: pore diffusion through the liquid-filled pores and
surface diffusion of the adsorbed solute along the walls, which are lined with an
octadecyl silane (ODS) monolayer. To date, a limited number of studies have been
devoted to intraparticle mass transfer inside ODS HPLC packings. They include
luminescence studies and column chromatography, which are described in Chapter 1,
section 1.5. Evidence gathered through luminescence studies [19-24] suggests that

surface diffusivity along the C-18 derivatized silica can be almost as large as that in free
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solution and can range between 2.5-107 t0 6.5 -10 cm?/sec (free solution diffusion
coefficients are typically 4-10° to 10 -10°cm?/sec [27, 52, 99]). As well, column
chromatography studies (see Chapter 1, Section 1.5.1) suggest that surface diffusion is
the dominating mode of intraparticle transfer in ODS silica, with the values of surface
diffusion coefficients falling in a similar range (3-107 to 5 -10cm?/sec) depending on the
mobile phase used and the strength of retention (with more viscous eluents and more
retained compounds leading to lower surface diffusivities[56]). However, because of
experimental difficulties associated with fast heterogenous kinetics, no studies have been
carried out that directly measure the overall uptake/release rates (which could include
film or intraparticle diffusion, or slow chemical kinetics) of microparticulate ODS
packings. For example, temperature jump and pressure jump methods [20, 21, 23, 24]
measure only the rate processes discussed Section 1.3.1. This chapter reports, for the
first time, the direct measurement of desorption kinetics from ODS packings used in
HPLC, and the relative importance of surface diffusion, pore diffusion, and external film

diffusion is quantified.

5.2 Experimental

5.2.1 Reagents, solvents, and sorbent

1, 2, Dimethyl-4-nitrobenzene (DMNB) (Sigma-Aldrich #R 45943), phloroglucinol (PG)
(1,3,5 mhydroxybenzene, Fluka, >99%). and Blue Dextran (Sigma-Aldrich #D 5751)

were used without further purification.
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The solvent (mobile phase, eluent) used in this study, for making solutions of both
DMNB and PG, was 50/50 MeOH / H,O v/v, and was prepared by mixing pre-measured,
equal volumes of HPLC grade MeOH ( Fisher Scientific) and water, which was distilled

and deionized with a NANO-pure system (Bamstead, Boston, MA)

The mobile phase and its DMNB and PG solutions were sparged with helium before the
kinetic and chromatographic experiments. The concentrations of DMNB used were
around 6x10° M, which is in the linear range of its sorption isotherm. The concentration
of PG used was about 5x10"° M, chosen to nearly match the absorbance of the 6x10° M

DMNB solution at 222 nm.

The monomeric ODS HPLC sorbent studied was Luna 15u C18(2), havinga 12.3 pum
diameter, 16% carbon load, pore volume of 1.0 mL/gram and a pore diameter of 10 nm. It
was purchased from Phenomenex®, Torrence, CA (part #04G-4273, batch 5303-15). A
250 x 4.6 mm HPLC column packed with the same batch of Luna 15u C18(2) was used

in the chromatographic studies (part # 00G-4273-EQ).

Glass beads (used to “dilute™ the Luna C-18 sorbent inside the shallow bed) were non-
porous beads, 10-20 um diameter, purchased from Small Parts, Inc., Miami Lakes, FL,

USA, part # ADGB-SF
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5.2.2 Elution and frontal HPLC studies

The HPLC equipment for elution studies consisted of the mobile phase reservoir, Waters
Chromatography Pump (model 6000A), Rheodyne injection valve (Part # §125) witha 5
pL injection loop, a 25-cm Luna C-18 column described above, and a UV-vis detector
(Waters Lambda-Max LC Spectrophotometer, model 481) set at 263 nm. Elution
chromatograms were run in 50/50 MeOH/H;0, which was sparged with helium prior to
the experiment. The samples (DMNB, PG, and Blue Dextran) were also prepared in

50/50 MeOH/H,0.

Frontal chromatography employed all the components described above for elution
chromatography, but also involved the use of an extra mobile phase reservoir, which
carried a solution of 6.1-10° M DMNB eluent (50/50 MeOH/H,0), in addition to the
reservoir carrying the pure eluent. The inlet of the HPLC pump is equipped with a
solvent selection valve, which allows for switching between the two reservoirs. As well,
an extra solvent selection valve (Rheodyne, 6 port valve part # 7060) was placed in
between the outlet of the pump and the injector. The outlet of the pump was the inlet of
this valve; one of the 6 outlets is connected to the column, while another directs the fluid
to waste, and the remaining outlets are not used. The column was first equilibrated with
the pure eluent, and then the pump was flushed with the DMNB solution with the six port
valve switched to waste. This was done to eliminate band broadening in the pump, since
the DMNB travels through the pump in the frontal chromatography set-up used. Once

the flushing was complete, the 6-port valve was switched back to direct flow through the
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column. The flowrate through the column was always 2 mL/min, regardless of whether

elution or frontal chromatography was done.

The following measurements were made — the interstitial volume of the column (the
volume of the liquid-filled spaces between the particles); the total-porosity volume (the
sum of both the interstitial volume and the volume of the pores inside the particles of the
column); the retention factor (k") of DMNB on Luna C-18. The determination of the
interstitial volume and the total porosity volume was done by simultaneous elution
chromatography of Blue Dextran (interstitial volume marker — see Section 5.3.1) and PG
(the total liquid volume marker), respectively. The determination of the k' for DMNB
was done both by elution and frontal chromatography. In both cases, PG was used as the

unretained compound.

5.2.3 Shallow bed apparatus and packing procedures

The apparatus used in this study is based on the one described in Chapter 4. The
modified Union Giken apparatus is exactly the same as described in Sections 4.2.2.1 -
4.2.2.2,and 4.2.2.5, and shown in Fig. 4.1 — Fig. 4.4. Thus, the overall plumbing, the
computer program used to control the valve sequence, and the shallow bed structure are
identical. The only differences, which are described in Sections 5.2.3.1 through 5.2.3.3,
are a slightly modified packing procedure and an additional step in the preparation of the
shallow bed - the removal of a residual film of PDMS polymer present on the inside wall

of the s.s. washers that contain the bed.
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5231 Packing procedure

The shallow-bed is packed in a separate, temporary assembly, by vacuum-driven shury
packing, in a way very similar to that described in Chapter 4, section 4.2.2.4 and Fig. 4.5.
The present procedure is shown in Fig. 5.1. The major difference is with the reservoir for
the slurry solution just above the bed. The only reason for the use of the new reservoir is
that it is easier and faster to position on top to the shallow bed and to remove after the
shallow bed is filled with particles. The slurry in the beaker is a2 mixed-particle slurry of
glass beads and Luna C-18 in ethanol, (about 2% by mass), which is further described in
a subsequent section. Usually, about 1.5 mL of the slurry are needed to fill the shallow-
bed. It takes about 3 refills of the micropipette and about 5 min to accomplish the filling.

All other steps and parts are exactly the same as in Fig. 4.5.

5.23.2 Mixed particle slurry

The slurry used in this study is a mixed-particle slurry of LUNA C-18(2) and non-porous
glass beads. Bed 1 was packed with a slurry with 1: 4.17 mass ratio of ODS to glass
beads, while Bed 2 was packed with a separately-made slurry of 1: 4.21 mass ratio. This
translates to a volume ratio of about 1: 1.9 of ODS to glass beads. The reason for adding
the glass beads is twofold. First, the resistance of a 0.6 mm-long bed packed with purely
LUNA C-18 particles proved to be too high, which made it impossible to achieve the
high flowrates necessary to approach shallow bed conditions. As mentioned in Chapter 4,
this problem could not be fixed by decreasing the length of the shallow bed, because
unstable desorption signals resulted, probably due to channeling. For this reason, the

ODS particles were mixed with glass particles of higher diameter. The bed of the porous
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Fig. 5.1. Slurry packing procedure. The stirred slurry from the beaker (1) is aspirated
into a micropipette (2) and transferred into the shallow bed via a temporary reservoir
made up of a PDMS washer (~ 2.1 mm ID, 6 mm OD, and 1 mm thick) (3), encased in a
Ysinch s.s. ferrule (4). The shallow bed to be packed is made up of the s.s. washer filled
with 3 silicon grids plus one Ni mesh on the bottom (5). It is placed on top of a s.s. screen
(6), which in turn sits in a well in the packing manifold (7) which is connected to the
house vacuum. After slurry packing, the washer with the silicon grids and Ni mesh is
taken out and extra particles are removed with a surgical blade (8).
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glass beads alone has a resistance more than an order of magnitude lower than that of a
same-length bed of Luna C-18 particles. For beds packed using a mixed slurry such as
Bed 1 and Bed 2 the permeability is observed to be greater than that of bed of pure ODS
by a factor of 3-4 (data not shown). The second reason for using the mixed-particle
slurry is that a bed packed with purely Luna C-18 particles exhibits a slow increase of the
resistance to flow, possibly due to consolidation (tighter packing) of the hydrophobic
particles in a water-rich solvent. This phenomenon is known to occur in loosely-packed
columns of hydrophobic packings when they are exposed to highly aqueous solutions
[108], and 1t did occur with the polymeric PRP-1 sorbent as well (see Chapter 4). As a
result, in such beds the pressure needs to be constantly adjusted (increased) to maintain a
relatively constant flowrate through the bed. This phenomenon does not occur in beds
packed with glass beads only. It s also eliminated in beds packed with the mixed particle
slurry. The constant permeability makes operation much easier in an apparatus which
uses constant pressure pumps, and allows one to use the bed for an indefinite number of

cycles (since flowrate does not decrease with time).

One characteristic of the mixed particle slurry and the present packing procedure, is that
it is not possible to know the mass of ODS particles in the bed. The particle slurry of
LUNA C-18 mixed with glass beads is transferred to the shallow bed as described in
section 4.2.2.3 and Fig. 5.1. The beaker from which the slurry was aspirated by the
micropipette was continually sonicated and stirred, except at the time of aspiration. The
larger size and density of the glass beads made them settle more rapidly than ODS. Also,

a significant fraction of the slurry particles stick onto the walls of the beaker and there is
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no reason to assume that the glass beads and ODS do so to the same extent. Thus, it is
not possible to know the exact mass of the C-18 silica used. From microscopic
observation however, it seems that proportionally more C-18 transfers into the actual bed
than the glass beads. Based upon microscopic examination after disassembling the beds
the volume percentage of the C-18 beads in the bed could be as high as 60 — 70 % of the
total volume taken up by the particles, compared to about 35% by volume in the shurry

used.

5233 Removing excess PDMS from the s.s. washers

As described in section 4.2.2.3, the s.s. washers are covered with a thin layer of PDMS.
To do this, a thin film of a liquid polymenization mixture, with 10:1 ratio of elastomer to
curing agent is deposited on the top and bottom faces of s.s. washers, followed by curing
for at least 24 hours at room temperature. The deposition is done by first spreading a thin
liquid film of the polymerization n.lixturc on a piece of parafilm and then gently pressing
the s.s. washers on the parafilm for a few seconds. However, during the deposition the
liquid polymerization mixture creeps into the inside of the s.s. washers. This is
undesirable as will be shown in Results and Discussion section. In order to minimize the
amount of PDMS inside the s.s. washers, the PDMS was scraped off from that area. As
well, PDMS was carefully scraped off from the area up to 0.2 mm from the inside edge of
the washers. This is shown in Fig. 5.2. The removal of PDMS was performed for Bed 2,

but not for Bed 1.

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Fig. 5.2: Schematic of the presence of PDMS film around. s.s. washers. The dark
rectangles are cross-sections of the s.s. washers (top washer, 200 um thick, middle
washer to contain the shallow bed, 600 um thick, and bottom washer is 200 um thick. All
washers are 2 mm ID and 6 mm OD). The light gray regions show where PDMS films
were present before scraping (panel A) and after scraping (panel B). The thickness of the
film is exaggerated (it is thought not to be thicker than 10-20 um). The distance of
scraped PDMS from the inside edge is not uniform around a washer, but it is small
enough to still afford a large enough area for pressing the Ni screen (See Fig. 4.4)
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5.2.4 Procedure for desorption rate measurement.

The flow sequence is the same as described in section 4.2.3, except that the times
required for each step differ. Equilibration times were usually 12 seconds, but in certain
cases were extended to 36 seconds, while desorption times were 10 seconds. The time-

out and flush time were 1 sec each, as before.

5.2.5 Deconvolution and filtering

Deconvolution and filtering are performed the same way as described in Chapter 3,
section 3.2.3. The sole difference is in the frequency filters used. For Bed 1, Runs 1 and
3 they are ({0,1}, {0,1}, {49.80,1}, {68.34,0}); while for Run 2 they are ({0,1}, {0,1},
{40.03,1}, {64.45,0}). For Bed 2, Run 1 they are ({0,1}, {0,1}, {49.80,1}, {68.34,0});
while for both Run 2 and Run 3 they are ({0,1}, {0,1}, {69.34,1}, {88.87,0}). The
different vertices of the trapezoidal filters stem from the fact that different flowrates were

used for the different runs, and also from the fact that each run has its own idiosyncratic

frequency distribution requiring slightly different filters.
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5.3 Results and discussion
5.3.1 Particle porosity of Luna-C18 and linear isoctherm of DMNB

It will be important to obtain the values of the particle porosity of Luna C-18, which will
be used to obtain the ratio of [i]pan / [i]mp, used later in the chapter. This value is not

given by the manufacturer, but can be obtained by the following equation.

€pp = Einra / (1- Einter) G.h

where epp is the particle porosity (the volume fraction of the particle taken up by the
pores) and i, 1s the intraparticle porosity of the column (the volume fraction of the
packed column taken up by the pores), and €ine is the interstitial porosity of the column
(volume fraction of the packed column taken up by the spaces in between the porous
particles). The value of € can be determined by performing an elution chromatogram
with an excluded compound, a solute which does not enter the pores of the particles and
is not sorbed on the outside surface of the particles. The sum of €;ner + Einra Can be
obtained by performing an elution chromatogram with an unretained compound as the
analyte. PG is used as the unretained compound, while Blue Dextran, a 2,000,000 Da
polymer is used as the excluded compound, because the diameter of the individual

molecule (at least 180 A) is larger than the pore size of Luna C-18(100 A).

The total volume of the column is calculated from its length and its inner diameter. The

interparticle volume is calculated from the retention time of Blue Dextran and the
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volumetric flowrate. The value of g is obtained by dividing the interparticle volume
by the total volume of the column. The same is done with the retention time of PG in

order to calculate the sum of €iger + Einera-

From triplicate measurements, Einer = 0.369£0.003, g4 = 0.688+0.002. Subtraction of
Einter fTOM Eyxa) GIVES Enen = 0.318+0.004. The value of epp calculated via Eq. 5.1 is thus
equal to 0.505+0.009. The chromatogram showing elution of Blue Dextran and PG are

presented in Fig. 5.3.

The retention factor k' of DMNB is obtained by performing an elution chromatogram of
DMNB and PG on the Luna column. The retention times are measured by calculating the
first statistical moment of the retention peaks [54, 55, 57, 91], and the retention factor is

calculated by

kK = (tr — teg)/ tpg (5.2)

The retention factor for DMNB on the Luna C-18 column in 50/50 MeOH/H,0 is
15.07+0.04 based on 3 replicates of the elution chromatograms. The linearity of the
sorption isotherm is confirmed by running a frontal chromatogram of 6.1-10° M DMNB
and by injecting 5 pL of the same solution in the elution mode. In frontal
chromatography, the concentration of the solute in the mobile phase is always the actual

concentration in the feed solution. Thus the concentration is always 6.1-10”° M which is
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Fig 5.3. Elution chromatograms of an excluded compound (Blue Dextran) and an
unretained compound (PG) on 4.6 mm ID, 25 cm, Luna C-18 column in 50/50
MeOH/H;O. The first peak is the excluded compound.
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the concentration we are trying to test for linearity. However, when only 5 pL of the
solution are injected in elution chromatography, the concentration of DMNB drops
dramatically to a very low level (since k’ is 15, this concentration drops first by a factor
of 15, and it further decreases because of the band broadening processes in the column).
In effect frontal chromatography provides retention information at the concentration of
interest, while elution chromatography provides retention information at concentrations
about 2 orders of magnitude lower. If the value of k' from frontal chromatography is the
same as that from elution chromatography, it must mean that the isotherm is linear up to
the concentration tested. The retention times for the frontal chromatograms were
calculated as follows. First the derivative of the frontal chromatography data is taken
according to Eq. 2.25, in order to transform the frontal data into the form of an elution
peak (not shown). The first statistical moment of the resulting peak-shaped derivative is
calculated in the same way which was used for elution data. The reverse frontal
chromatogram is treated the same way, except that the derivative is multiplied by (-1),
according to Eq. 2.26 or 2.27. The values of k' obtained with elution chromatography are
15.07+0.04, while the value obtained for frontal chromatography is 15.2+0.1. Both are

shown in Fig. 5.4.

From the values obtained from HPLC studies, the parameters obtained for the column are
Einter = 0.369+0.003, £1= 0.688+0.002, €inera = 0.318+£0.004, epp = 0.505+0.009, and k' =
15.0+£0.1. This allows calculating two important parameters. The first of them is R, the
ratio of moles DMNB sorbed onto ODS—coated walls of Luna C-18 to the moles in the

pores of Luna C-18. It is calculated, according to equation 1.12, to be R = 32.4+0.6. The
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Fig 5.4. The superposition of elution chromatogram on DMNB (the middle trace, with

the large spike corresponding to the unretained compound PG), and frontal
chromatograms of 0.061 mM DMNB (frontal chromatography has been done both in the
leading-front, and the reverse-front mode). Note that the different scales for frontal and

elution chromatograms.
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second parameter is the ratio of [i]pa / [ilme- It, or its reciprocal, is used in equations
such as 2.6, 2.14, 2.15, and 2.32. There are different ways to calculate this ratio, as seen

in Chapters 3 and 4, but here it is obtained by the following relationship:

[ilpar / [i]mp = (1+R) - £pp (5.3)

This ratio has the value of 16.9+0.5.

5.3.2 The choice of PG as the IRF-Marker

The “desorption’ rate curve for the IRF-Marker serves two purposes. First, it is
subtracted from the solute run (DMNB) in order obtain the signal of the actual desorbing
solute separate from that of the solute between the shallow-bed and detector. Second, its
denivative, according to Eq. 2.27, quantifies the effects of band broadening in a Type II
shallow-bed instrument. For both of these purposes, an ideal marker would be an
excluded molecule which does not enter the pores of the packing itself. Thus, high
molecular-weight polymers, on the order of 1 million Daltons, which have molecular
diameters greater than the pore size of the packing (10 nm in this case) seem like an
obvious choice for an IRF marker. There are, however, three limitations to the use of
such polymers as effective IRF markers: (i) The first arises from the fact that the
polymer has to be both soluble in the solvent used (50% MeOH) and a good absorber of
UV-visible light. The one, commonly used co-polymer that fits those criteria is blue
Dextran (2,000,000 Daltons) which is a cross linked dextrose polymer with groups
present to give it an absorptivity. The fact that the absorbing groups are interspersed

between the glucose monomers gives Blue Dextran a low absorbance per unit mass. For
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example, one needs a concentration of 0.2 grams per Liter to obtain an absorbance of
0.075 in our present system. Because of its high molecular weight, Blue Dextran
actually increases the viscosity of the mixture{109]; viscosity increased by as much as 2-
4% 1n the present case (careful determination has not been carried out). Since constant
pressure pumps are used in this apparatus, this creates the need to adjust the pressure
manually every time one switches between the solute and the IRF marker solutions to
maintain the same flowrate. (ii) A second limitation to the use of Blue Dextran is that,
for reasons that were not investigated further, it causes a marked decrease in the
permeability of the bed packed with the mixed slurry of C-18 and glass beads. (Though it
does not have that effect in beds packed with pure glass beads.) The resistance can
increase as much as 30% after performing a single set of 5 cycles, and the loss in
permeability is not reversible. Under such conditions, it is very difficult to keep the
flowrates constant and thus to obtain useful data. (iii) The third limitation is the fact
that the Blue Dextran has a very low diffusion coefficient. This means that the Blue
Dextran present in the diffusion film around the particles is going to diffuse out more
slowly than a small molecule would, which could affect the shape of the IRF marker
curve. Therefore, for practical reasons, the use of Blue Dextran as an IRF marker is

abandoned.

Another approach to obtaining IRF information is to use an unretained compound (such
as PG) as the IRF-marker, but this presents problems both with the subtraction step and
with obtaining the IRF. Both problems stem from the fact that PG enters the pores of the

LUNA C-18 packing. Their origin is discussed in the next two paragraphs.
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First, the desorption process of a solute (DMNB) from a porous particle should include
all of that solute that was in the particle, whether by sorption onto or into the walls, or by
its presence in the stagnant mobile phase in the pores of the particle. If the PG run
(scaled by Eq. 2.24) is subtracted from the DMNB solute run, an amount of DMNB equal
to that which was in the particle pores is included in the subtraction. This is an error.
However, for the desorption of DMNB from LUNA C-18, the amount of the solute
present in the pores is less than 3 percent of the sorbed DMNB. This can be shown by
the following numbers. The ratio R, defined as the moles of DMNB sorbed to the moles
of DMNB in the pores of the particles, is shown above to be equal to 32.4 via Eq. 1.12,
and the quantity is approximately 3%. Thus, the solute in the pores represents a small
fraction of the total amount of DMNB in the particle. Though the magnitude of this error

is not large, a correction for it will be developed in the following section 5.3.3.

The second problem has to do with the use of the IRF peak in deconvolution, in order to
correct for band broadening. The IRF-curve should arise only from the processes giving
rise to the dispersion between the particles of the shallow-bed and the detector. Since the
PG which is present in the stagnant mobile phase in the pores of the particles has to
diffuse out to the surface of the particle before it is carried away, this pore diffusion of
the non-sorbed PG also contributes to the observed band broadening. This creates an
error in the determination of the IRF. Although it will be shown in section 5.3.3 that the
PG from the pores distorts the shape of the true IRF-curve only slightly, nevertheless, a

correction for it too is developed in the next section.
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5.3.3 The Pore-PG Correction for Luna C-18

When unretained PG enters Luna C-18 during the equilibration step, it is present in its
pores but is not sorbed on the pore walls. The PG present in the stagnant mobile phase of
Luna C-18 can be called pore-PG. During the desorption step, this pore-PG diffuses out
of the particles and adds an undesirable contribution to the observed PG curve. However,
if the amount of pore-PG present in the pores is known, and if the shape of this desorbing
PG which is observed at the detector is known, it is possible to subtract the pore-PG

curve from the overall observed PG curve, yielding only the curve of extra-particle PG.

The first task is to determine the amount of pore-PG in the pores. Normally, this is
readily done if the mass of ODS is known, because it can be used with the specific pore
volume given by the manufacturer and t.he (scaled) concentration of the feed PG solution.
However, as stated in section 5.2.3.2, it is impossible to exactly measure the mass of
ODS in the shallow bed, because of the mixed slurry used in the packing. There is
another way to calculate the amount of PG in the pores, which is just as precise, assuming
that the ODS under study is the only sorptive matenial in the shallow bed (This will be a
relevant point when discussing the residual film of PDMS in the shallow bed). Fig. 5.5 A
shows both the experimentally observed PG and DMNB curves for Run 1 obtained with
Bed 2. They are both averages of 20 desorption cycles and are normalized so that the
plateau absorbance (absorbance of the feed solutions used for equilibration) is equal to 1.
The difference between the DMNB and PG curves in Fig. 5.5 A is the shaded area. The
area of this shaded region corresponds to the normalized absorbance of the DMNB which

1s sorbed onto the stationary phase, not including DMNB present in the pores of ODS.
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Fig 5.5. Predicting the shape and magnitude of pore-PG. A: Visualizing the amount of
sorbed DMNB for experimentally observed curves of Run 1, Bed 2. B: The estimated
shape of the desorption curve of pore-PG. The normalized A(t) values are such that the
area under the curve in panel B is equal to the shaded area from panel A divided by R.
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This area is given a symbol apmns, swbed- From chromatography data (section 5.3.1) R,
the ratio of moles of DMNB sorbed on the walls to DMNB in the pores, is determined to
be 32.4. This ratio is necessarily the same as the ratio of the sorbed DMNB to PG in the
pores (both curves have been normalized). When apmng, sorbed 1 divided by the value of
R, the result is the area due to the DMNB in the pores, which is equal to the area that

should belong to PG in the pores. Therefore, regardless of the shape of the desorbing PG

from the pores, its area, agoerg is:

Apore-PG = 2DMNB, sorbed / R (54)

The second task is to obtain the shape of the curve of pore-PG observed by the detector.
First, an educated guess can be made as to whether it is particle or film diffusion which is

the rate-limiting step in the desorption process.

For PG, Dypis 6.0 x 10° cm?s™, calculated via the Wilke-Chang correlation [99] and the
pore diffusion coefficient Dp is about 2.4 x 10® cm?s™ (using Eq. 1.15, and assuming a
tortuosity of 2+0.5, and hindrance of 0.8+1). The ratio of [i]pan/[i]Mp = 0.5 (Which for an
unretained compound is simply the value of the particle porosity; see Eq. 5.3). If €pr in
the shallow bed is assumed to be approximately 0.4, and the open fraction of the shallow
bed about 0.7 (area in between the walls of the silicon grids) a value for the thickness of
the external diffusion film ranging from & = 0.29 pum to 0.35 um is calculated for the
flowrates used with Bed 2 (from 0.27 mL/sec for Run 1 to 0.49 mL/sec for Run 3) using

the average of Eq. 2.12 and 2.13. When these values are put into Eq. 2.14, in order to
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estimate the relative importance of film vs. particle diffusion, the value of X ranges from
1.2 - 107 to about 1.0 - 10, which is | order of magnitude smaller than 0.13. This is
consistent with primarily intra-particle diffusion control of the desorption rate of pore-
PG. Furthermore, the fact that the parameter L calculated from Eq. 2.34 ranges from 54
to 98 for the flowrates used indicates that the flowrate is fast enough to meet shallow-bed
conditions and, thus, not to have a distorting effect on the desorption curve shape of pore-
PG. For these reasons, particle diffusion is assumed to be the rate-limiting step. If there
were no band broadening in the shallow bed apparatus, the instantancous rate of
desorption of PG would be relatively well described by Eq. 2.30 for spherical diffusion.
In Fig. 5.5 B is shown the predicted desorption of pore PG, calculated with Eq. 2.30
using D;pg = 2.4 x 10° cm?s™, and the particle radius of r = 6.15 pm, and scaled so that
the area under the curve is equal to that obtained in Eq. 5.4. Only the first 10 terms of
(Eq.2.30) are used. Fig 5.5 B is deemed to be a reasonable approximation of what the
pore-PG curve would look like at the detector in the absence of band broadening in the

shallow-bed apparatus.

However, to determine the shape of the curve seen by the detector it is necessary to
account for the band broadening on the way to the detector and in the detector window.
This is done by a series of successive approximations starting with convolution of Fig.
5.5 B with the IRF function that is obtained by taking the negative derivative of the IRF-
Marker curve (PG curve in Fig. 5.5 A), as defined by Eq. 2.27. Successive
approximations are necessary because the PG curve in Fig. 5.5 A also needs correction

for pore-PG, and consequently so does the IRF function. This method is descnibed in Fig.
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5.6. First it is assumed that the initial IRF peak, obtained by taking the negative
derivauve of the observed PG curve is close to the real IRF waveform. This IRF gy
(curve 1I in Fig. 5.6 A) is convolved with the predicted pore-PG curve from Fig. 5.5 B
(curve I in F1g. 5.6 A) to obtain the approximate shape of the pore-PG at the detector
(curve IV in Fig. 5.6 A). Curve IV is then subtracted from the initially observed PG
curve (curve III in Fig. 5.6 A) in order to obtain the corrected PG curve after the first
iteration (curve V in Fig. 5.6 A). When the negative derivative is taken of Curve V the
corrected IRF-curve, first iteration, is obtained (curve VI in Fig. 5.6 A). The first
iteration ends with a new PG curve and a new IRF peak, which have been approximately
corrected for pore-PG. To compare them to the initial PG and IRF peaks, see Fig. 5.6 C
and 5.6 D. It is apparent that they look almost the same. The center of gravity (first
statistical moment) of the corrected IRF is 0.04810 sec, as compared to 0.4916 sec of the
original IRF, a relative difference of just over 2%. So far, this is consistent with the

assumption that the initial IRF is close to the real one.

The second iteration is shown in Fig. 5.6 B. The new, corrected IRF (curve VI) is
convolved again with curve I (the modeled pore-PG assuming spherical diffusion and no
band broadening), to obtain a better estimate of pore-PG at the detector (curve VII in Fig.
5.6 B). This pore PG curve is subtracted from the initial PG curve (curve III, not curve
V) to yield the corrected PG curve after the second iteration (curve VIII in Fig. 5.6 B).
When the negative denvative of Curve VII is taken, the corrected IRF-curve, second
iteration, is obtained (curve IX in Fig. 5.6 B). The second iteration ends with a new PG

curve and the new IRF peak, which have been corrected for pore-PG to a slightly larger

174

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




' 0.125+
1 0,100 II = neg der. of II
Z 03 ~—— pore-PG modeled by Eq, 2.30 % ) — IRF nitial
< e.e7s-
3 3
Soz2 2 0050
201 S 0.625-
0o
0000 0G5 0050 Q675 Q.10 8000 0825 005 QG7S 0100
S8C $eC
125+
m 0.125-
IVv=1*11
E 1.00+ ———— — 0.1004
< \ L % — pore-PG
.g 0.75+ A ==-PGinitial 0.075-
\ 3
= \ N
S 0.50+ \ < 0.050-
£ \ £
s—“-_--‘
0.00 v v r v 0.0001 — r Y +
0.000 0.025 0.050 0.075 0.100 0000 0025 0.050 0.075 0.100
seC SoC
125+
= - 0.125
V=I-1IV VI = neg. der. of V
= 1.004 . ©.100-
< % — IRF 2
T 0.754 :
S negative. 3 0075
— _> -
g 0.50 E Q.OSGJ
5 derivative
2 52 S 0025
—PGcorr, 1
0.000
0.00 r v . ; : - . \
0.000 0025  0.050 0.075 0.100 0000 0025 0050 0075  0.100
$O6C $ecC

Fig. 5.6 A. Pore-PG correction. First iteration of the correction for pore PG. The
predicted pore-PG desorption curve is convolved with the preliminary IRF function to
obtain an estimate of the pore-PG curve which the detector would see (IV). This curve
IV is then subtracted from the observed PG curve III to yield a corrected PG curve. From
the corrected PG curve a new IRF is obtained. The new IRF will serve as the initial IRF
in the second iteration.

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




0.125
I aseol VI (from iteration 1)
- pore-PG modeled by Eq, 2.30 —IRF 2

o
L

normalized A(t)
-3 -]
- M
normalized A(t)

0.075+
0.050+
0.025-
0.000+

[
b

0000 0025 000 0075 0100

g

;
i

§
]

1.25+ I 0.125-
o~ 1.004= == e VII=1*V]
=" \ . 0.100
< 1 % — pore-PG, 2
< 0.754 \ ==PGinital S 0.075
1 \ @
= \ N
T .50 \ « 0.0501
E \ E
Q »
€ 0.25 ~~ 2 00
\~~~___
0.00 . . v - 0.0001 . . —
0000 0025 0050 0075  0.100 0000 0025 005 0075  0.100
$eC $ec
1254 0.125-
IX =neg. der. of VII
= 1.00- — 0.100
z = —IRF 3
<
© 0.75- o 0.075
] @
—— ~
® J s 0.050-
g 0.50 =
] ° ¥
2 o.2s- g o002
0.00 N 0.0007 . —_ Y —
0.000 y . 0000 0025 0050 0075  0.100
sec

Fig 5.6 B. Pore-PG correction. Second iteration of the correction for pore PG. Curves I
and III are the same as in Fig 5.6A. The same operation as is carried out as in Fig. 5.6 A,
except that a new, corrected IRF from iteration I is used as the initial IRF. The iteration
ends, with a new, more accurately corrected PG curve, and a new, more accurately
corrected IRF function. Curves I and III are the same as the solid and dashed curves in
Fig. 5.5 B and 5.5 A, respectively.
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Fig. 5.6 C. Pore-PG correction. Comparison of the initial PG curve, and the pore-PG
corrected curves after the first and second iterations. The numbers in the brackets
indicate the curve numbering from Fig. 5.6. A and B. Curves V and VII are practically
indistinguishable from one another.
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Fig 5.6 D. Pore-PG correction. Comparison of the initial IRF peaks before and after the
first and the IRFs after pore-PG correction, first iteration. The IRF peak after the second
iteration is not shown, because it is too similar to the IRF after the first iteration, and
cannot be distinguished from it.
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degree than after the first iteration. However, the cormrected PG curve after the second
iteration is virtually the same as after the first iteration, as can be seen in Fig. 5.6 D. The
same is true for the corrected IRF peaks: the IRF obtained from the corrected PG-curve,
second iteration, is the same as the IRF obtained after first iteration. The center of
gravity of curve IX is calculated to be 0.4809, which is almost exactly the same as that of
curve V1. The iteration process is therefore finished and the PG curve and the IRF are
corrected as much as possible with this method. This method is applied to Runs 2 and 3
as well (not shown in Fig. 5.6), and in all cases only two iterations are needed to

demonstrate convergence.

The largest source of error in this method lies in the fact that the pore diffusion
coetficient is approximated first via both the Wilke-Chang equation [99], and then by the
estimation of the tortuosity (see Chapter 1, sections 1.3.2 and 1.5.2) and the hindrance
parameter [27]. However, since the pore-PG is only a small fraction of the total sorbed

solute (less than 3%), these errors become very small.

From now on curve VII (corrected PG after the second iteration) and curve IX (the
corrected IRF after the second iteration) will be used in place of the initial curves (Curve
IIT and curve Il in Fig. 5.6). Also, whenever the IRF-Marker curve and the IRF peak for
Bed 2 are mentioned subsequently in this chapter, they refer to the corrected curves after
the second iterations, unless stated otherwise. The IRF-Marker for Bed 1 is not corrected

for pore-PG because of complicating factors, as revealed in section 5.3.5 below.
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5.3.4 Instantaneous rate curves

Two shallow beds were prepared from the mixed-slurry of Luna C-18 and glass beads.
Three DMNB desorption Runs were performed for each bed at varying flowrates. The
A(t) vs t data for each Run were obtained by averaging 4-7 sets of 5 cycles (20-35 cycles)

for DMNB and the same number of cycles for PG.

As an example of the data treatment, data for the first 1 sec in a typical experiment (Run
1, Bed 2) on DMNB and on the IRF-Marker (Pore-PG corrected) are shown in Fig. 5.7.
Fig. 5.7 A shows the observed curve of normalized A(t) vs t for the desorption of DMNB
as well as the curve for the IRF-Marker PG. Figure 5.7 B repeats the A(t) vs. t curve for
the IRF-Marker curve, and alse shows the negative derivative of this curve which serves
as the IRF in accordance with the discussion of Section 2.2.5. All curves have been
normalized so that the absorbance of the plateau at the start of the experiment is equal to
1. Figure 5.7 C results from subtracting the dashed line from the solid line of Fig. 5.7 A.
Figure 5.7 D shows the result of deconvolution of 5.7 C with the solid line in 5.7 B. In
order to clanfy their significance, the solid curve in panel A, the dashed curve in panel A
and B, the curve in C, and the curve in D of Fig. 5.7 may be compared, respectively, to
the corresponding simulated curves: the solid line in Fig. 2.6 B, the dashed line in Fig.

2.6 B, the shaded part in Fig. 2.6 B, and the shaded part in Fig. 2.6 A.
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Fig 5.7. Correction for experimental artifacts of the instantaneous desorption rate curve
for Run I, Bed 2. Panel A contains the nommalized A(t) values (or normalized
concentrations in the detector) observed for the DMNB run (solid line, average of 20
cycles) and the PG run (dashed Ilme also an average of 20 cycles, after Pore-PG
correction). Fig 5.7 B shows the PG run again (thin dashed line) and its negative
denivative which is used as the IRF (solid line, the y-axis scale for this line is on the right
of the panel ) Fig 5.7 C shows the difference of the subtraction of the PG curve from the
DMNB curve from panel A. Fig 5.7 D shows the result of the deconvolution of the
difference curve in panel C with the IRF in panel B. All runs are shown from 0-0.5 sec.
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Deconvolution and digital filtering in the Fourier domain were performed by the
following steps, which are described in more detail in Chapter 2, section 2.3 [88-90]:
compiex division of the Fourier transform of curve 5.7 C by the Fourier transform of the
solid line in 4.7 B of the normalized PG curve; multiplication of the quotient of this
complex division by the trapezoidal filter function ({0,1}, {0,1}, {49.80,1}, {69.34,0})
[88] in order to remove high frequency noise (>69.34 Hz); and inverse Fourer

transformation to produce the deconvolved data in the time domain in Fig. 5.7 D.

5.3.5 Cumulative rate curves for Bed 1; demonstration of the need to
remove PDMS

Experiments involving Bed 1 of Luna C-18 were found to exhibit an artifact that has not
yet been discussed in this thesis. The characterization of this type of artifact on Bed 1 led
to the improved procedure for packing Bed 2. The Bed 1 results will be discussed first.
The deconvolved instantaneous rate curves were digitally integrated between 0 and 10
sec for all three experimental runs obtained from Bed 1 using Excel software. The
average absorbance between 4 and 5 sec was taken as baseline and the results of the
integrations were multiplied by F/€;/ in order to obtain the cumulative rate curves for
desorption of NA, as described by Eq. 2.29. The curves for Runs 1-3 are shown in Fig.
5.8 as solid lines, each one of which is actually composed of 4000 data points. Prism
Software Version 4.00 (GraphPad Software, San Diego, CA) was used to fit the data to
Eq. 2.1, describing spherical diffusion (20 exponential terms), starting at 0.01 sec. The fit

is the thin dashed line and in Fig. 5.8 and it is obvious that the fit to Eq. 2.1 is quite poor,
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Fig 5.8. Cumulative desorption curves of DMNB from Luna C-18 for Bed 1. Runs 1-3.
Solid line is the data, actually made up of 4000 data points. The thin dashed line is the fit
to Eq. 2.1. (spherical diffusion) while the grey line is the fit to Eq. 5.6, which accounts
for spherical diffusion and an additional planar diffusion process occurring in parallel.
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with R? values ranging from 0.8810 to 0.8912. This could mean that there are two
desorption processes of different origin inside ODS. However, it has to be investigated
whether this could instead, be the caused by an instrument artifact such as the sorption of

DMNB by the PDMS film or the glass beads.

To determine whether there are any sorptive materials present, in addition to the Luna C-
18, DMNB and PG desorption runs were carried out with blank shallow beds, which did
not contain Luna C-18 particles. The first blank shallow bed was prepared in exactly the
same way as Bed 1, except that it was packed with glass beads only. The data treatment
for this bed is the same as for Bed 1, including the treatment of section 5.3.4. (The Pore-
PG correction, described in Section 5.3.3, was not performed since the glass beads used
are non-porous). The cumulative DMNB desorption curve from this blank shallow bed is
shown in Fig. 5.9 as the thick solid line. If there are no materials which exhibit any
capacity for sorption of DMNB this curve should have a value of zero at all times.
However, the desorption curve is clearly non zero, and it approaches a plateau value
which is almost 20% of that of Bed 1 in Fig. 5.8. Clearly, there is an additional sorbing

material other than the ODS particles.

Another blank shallow bed was prepared, but this time the space previously filled by the
particles and silicon grids was filled with a porous Teflon membrane (Zitex, 30-60 um
pore size). As well, the Nickel mesh (see Fig. 4.4) is not used in this blank bed. The data
were obtained in exactly the same way as for the first blank bed. The cumulative DMNB

desorption curve from the Teflon-packed bed is shown as the thick dashed line in Fig.
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Fig. 5.9. The cumulative desorption rate curves of DMNB from blank beds which do not
contain Luna C-18. The solid line represents data for bed packed with glass beads only,
while the thick-dashed line represents data for a different blank bed, only containing a
porous teflon membrane, with no glass beads or ODS packing. The grey lines are the
best fit lines of Eq. 5.5 to the data. The thin solid line corresponds to a blank bed packed
only with a porous teflon, but which had PDMS partially scraped off some of its surfaces.
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5.9. Itis very similar in size and shape to that of the first blank bed. This result confirms
that there 1s residual sorption in the shallow bed as prepared, but it eliminates the

possibility that the glass beads (or the silicon grids and Ni mesh) are the source.

The next thing to consider is the possibility that the thin film of PDMS used to enable the
seal between the s.s. washers (See Fig. 4.4, and Fig. 5.2) acts as a sorbing material for
DMNB. This is a likely source since the phenomenon of small molecules being sorbed
into the bulk of PDMS-stamps in microcontact printing is well known [110]. Even
though it is not visible to the naked eye, a thin film of PDMS was found to exist on the
walls in the hole of the s.s. washers. This was seen when the walls of the washers were
scraped, causing the PDMS film come off and form visible, rolled-up regions. To test
the p_ossibility that the residual PDMS is sorbing DMNB, the PDMS was partially
scraped off the inside walls of the s.s. washers as well as from the area up to around 0.2
mm from the inside edge (See Fig. 5.2). After this step, another blank bed was prepared
using the porous Teflon membrane. The resulting cumulative desorption curve is shown
as the thin dashed line in Fig. 5.9, from which it is clear that the amount of sorbed

DMNB has been reduced.

Another piece of evidence supporting the hypothesis that residual films of PDMS sorb
DMNB is the fitting of the desorption curves from the blank beds in Fig. 5.9. If PDMS
film is involved, then the desorption curve should be best described by the equation for a

plane sheet, and not by spherical diffusion equation (Eq. 2.1) or by any other form, such
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as a single exponential equation (Eq. 2.6). The curves in Fig. 5.9 were fitto Eq. 5.5

describing diffusion from a planar film of material

n'(t) =n.,o[l"_8' ___l_e-(Zj*l)’BaiJ (5.5)

x* 5 (2j+1)°
Where Baim is defined as

_ 7D,

Poim =

(5.52)

Ciam
and where Dgim and £, are the diffusion coefficient of DMNB inside PDMS and the
thickness of the film, respectively.

The curves in Fig 5.9 were also fit to the spherical diffusion Equation (Eq. 2.1) and the
single exponential equation (Eq. 2.6). It is found that the best fit is obtained with Eq. 5.5
with R? coefficients of (0.9968 and 0.9932 for the glass beads and Teflon membrane,
respectively). The best fit lines, along with a table showing the best fit parameters, are
shown in Fig. 5.9. The fits of Eq. 2.1 (R* =0.9810 and 0.9750) and Eq. 2.7 (R* =0.9905

and 0.9879) were significantly poorer, and are not shown in Fig. 5.9.

With the knowledge that there is an extra signal from a film of PDMS which is in contact
with the flowing solution, the DMNB desorption curves from Luna C-18 shown in Fig.
5.8 were re-fit to the following equation which describes the sum of spherical diffusion
and planar diffusion process, which are independent of each other, under infinite bath

conditions:
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6 -1 _ 8 < 1 )28t
ni(t)=nm(l-;Zse “"‘]w;om[l-—;;m)—ze*” Db ] (5.6)

] X
where n; o on is the total moles of DMNB in the spherical packing at sorption equilibrium,
and n; o fim is the total moles in the PDMS film at sorption equilibrium. The values of
and Baim are defined by Eq. 2.3 and 5.54a, respectively. Eq. 5.6 is derived by addition of
Eq. 2.1 and Eq. 5.5. The fits to Eq. 5.6 are shown as the thick grey lines in Fig. 5.8 and
the fitting parameters along with the R? values are shown in Table 5.1. It is quite obvious
that this equation fits the data much more closely than the simpler spherical diffusion
equation. The average values of njo on, D;, along with the standard deviations, based on
the three runs of Bed 1, are n; g on = (4-26 £ 0.02) x 10"° mol, and D; = (3.5 £ 0.3) x 107
cm’s™, for spherical diffusion. The best fit parameters for planar diffusion of DMNB
from the PDMS film are less reproducible, possibly due to the lower S/N ratio of this
process and the fact that they describe the minor component of the desorption data (the
desorption of DMNB from the film is significantly slower than from Luna C-18, and that
the PDMS film contains less DMNB solute, which should decrease its signal to noise
ratio according to the discussion in Chapter 2, section 2.3). Their values are n;g gim = (1.5
£0.3) x 10" mol, and Bgim = (0.7 £ 0.1) s™". They can be compared to values from Fig.
5.9 obtained on blank shallow beds containing a PDMS film, where the average values
are njosim = (0.8 £ 0.1) x 10'° mol, and Beiim = (1.16 £ 0.02) s”'. The two sets of results
are of the same order of magnitude. Results from Bed 1 have larger n; g im values and
smaller Bgim values, both of which suggest a thicker PDMS film than is present in the
blank experiments. This is not surprising, since the application of PDMS film is not a

tightly controlled process.
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Table 5.1. Parameters from non-linear regression fit of Eq. 5.6, describing independent,
simultaneous, spherical diffusion (in Luna C-18) plus planar diffusion (in the

residual film of PDMS) processes, to the cumulative desorption rate curves of

DMNB (ni0.spb, Niofilm, B and Psim are fitting parameters). Fitting curves are

shown in Fig 5.8.

Result/Parameter Run 1 Run 2 Run 3
msg (x 10° )’ - - -
[ilmp (x 10° mol/L) 0.61 0.61 0.61
F (x 10° L/s) 242 26.9 32.4
Ni0.spn (x 10'° mol)® 4.27 +0.01 4.23 +0.01 4.27 +0.01
N;0.im (x 10'° mol)® 1.54 20.01 1.15 £0.01 1.80 £0.01
B (s")?® 8.92 +0.04 10.52 £0.05 9.688 +0.04
B (s)° 0.565 £0.007 0.782 =0.09 0.791 £0.06
R? 0.9949 0.9941 0.9963
D; (x 107 cm%s)" (spherical) 3.25 3.84 3.53

The mass of the ODS packing is unknown (see section 5.2.2.2)
b The standard deviation of numbers are based on the individual non-linear

regression results.

¢ The diffusion coefficient for DMNB is obtained from B via Eq. 2.3 using 1.0 x
10” cm for particle radius. Mean value for Runs 1-3 is D; = (3.5 £ 0.3) x 107 cm®s™

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

189




5.3.6 Cumulative curves for Bed 2 fit to spherical diffusion equation

With the knowledge gained from the Bed 1 experiments, that PDMS needs to be
eliminated from the parts of the s.s. washers which are in contact with the solutions
during the shallow-bed experiments, the preparation of Bed 2 included the extra step of
carefully scraping off the PDMS from the problem areas, as shown in Fig. 5.2 and

discussed in Section 5.2.3.3.

The instantaneous rate curves (e.g. Fig. 5.7) from Bed 2 were treated in almost exactly
the same way to that for Bed 1. The differences include the fact that Pore-PG correction
was applied. The average absorbance between 2.5 and 3.5 sec was taken as baseline. The
curves for Runs 1-3 are shown in Fig. 5.10 A-C, respectively, as solid lines, each one of
which is actually composed of 4000 data points. It is apparent from comparing Fig. 5.10
to Fig. 5.8 that the slow part due to the presence of PDMS has been eliminated. Prism
Software Version 4.00 (GraphPad Software, San Diego, CA) was used to fit the data to
Eq. 2.1, describing spherical diffusion (15 exponential terms). The goodness of fit is
much better than for Bed 1. The fits to these curves are shown in Fig. 5.11, which plots
the same curves from 0-0.5 sec, ir: order to better visualize the goodness of fit. Only data
from 0.01 sec are used, as justified by the use of 15 terms in Eq. 2.1. The results are
shown in Table 5.2. The average values of njon. D;, along with the standard deviations,
based on the three runs of Bed 2, are nio = (5.43 £ 0.06) x 10" mol, and D, = (3.9 £ 0.2)
x 107 ecm?®s™. This value is statistically indistinguishable from the spherical diffusion

parameter for Bed 1 (i.e. D; = (3.5 £ 0.3) x 10”7 cm?s™, see Table 1) obtained by fitting
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Fig 5.10 Experimental cumulative desorption rate curves of DMNB from Luna C-18 for
Bed 2, Runs 1-3. The curves plateau before 1 sec has passed, suggesting that DMNB
does not enter PDMS.
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Fig. 5.11. Fit of Eq. 2.1 (pure spherical diffusion) to Runs 1-3 of Bed 2. Solid dark lines
are expenimental data points (same data as in Fig. 5.10) and gray line is for the
best fit line. The fitting parameters are reported in Table 5.2.
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Table 5.2. Parameters from non-linear regression fit of Eq. 2.1, describing spherical

diffusion, to the cumulative desorption rate curves of DMNB from Luna C-18,

Bed 2 (njp and P are fitting parameters). The fitting curves are shown in Fig.

5.11
Result/Parameter Run 1 Run 2 Run 3
msg (x 10° g)" - - -
[ilmp (x 10* mol/L) 0.61 0.61 0.61
F (x 10° LJs) 27.5 373 49.0
nio (x 10'° mol)® 5.50 + 0.01 5.37£0.01 5.41 = 0.01
B(s")® 9.84 + 0.04 10.06 £ 0.05 10.99 + 0.04
D, (x 107 cm¥s)° 3.77 3.86 421
R2 0.9839 0.9843 0.9860

The mass of the ODS packing is unknown (see section 5.2.2.2)
The standard deviation of numbers are based on the individual non-linear

b

regression results.

¢ The diffusion coefficient for DMNB is obtained from f via Eq. 2.3 using 6.15 x
10 em for particle radius. Mean value for Runs 1-31s D, =(3.9+0.2) x 107 em?s™
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with Eq. 5.5 (the sum of spherical plus planar diffusion). The two values pass the t-test at
the 95% confidence level. The n,o values are not indistinguishable, but they are not
expected to be, since the amount of ODS 1n the two beds are not known and are not
expected to be the same (See Section 5.2.3.2). While the fit of the data from Bed 2 with
the spherical diffusion equation (Eq. 2.1) is reasonable, with R* = 0.98, deviations are
visible in Fig 5.11 at times under 0.3 sec. These deviations could be caused by the
flowrate being too slow to achieve shallow-bed conditions at short times or by the
occurrence of stow external film diffusion, in addition to intra-particle diffusion, as 2

rate-determining step. These possibilities are explored in the next section.

5.3.7 Cumulative rate curves for Bed 2 fit to models accounting for
film resistance and slow flowrate

Fig. 5.12, panels A-C, shows the fit of Runs 1-3 of Bed 2 to Eq. 2.32, which applies to
spherical diffusion if shallow bed conditions have not been fully met or when external
film diffusion contributes as the rate-limiting step, or when both are true. The curves
were fit using Microsoft Excel solver, and the best fit values are reported in Table 5.3. It
is apparent from the high R? values that the fit of the data to this equation is significantly
better than the fit to a simple spherical diffusion equation (Table 5.2). Equation 2.32 has
three fitting parameters: n; g, D;, and L. The best fit values for the three runs give D; =
(8.8+0.3) x 107 cm®s™. The three D; values are close in magnitude, regardless of the
flowrate used. The best fit values of L are 4.1, 4.1and 4.5 for Runs 1-3, respectively. A
low value of L (less than = 25) means there is a significant deviation from the shape of

the simple spherical diffusion, defined by Eq. 2.1. The two possible causes for the low
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Fig. 5.12. Fit of Eq. 2.32 to Runs 1-3 of Bed 2. Solid dark lines are experimental data
points (same data as in Fig. 5.10) and gray line is for best fit line. The fitting parameters

are reported in Table 5.3.
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Table 5.3. Parameters from non-linear regression fit of Eq. 2.32, to the cumulative
desorption rate curves of DMNB from Bed 2 (nig, Di and L are fitting

parameters). The fitting curves are shown in Fig. 5.12

Result/Parameter Runl Run 2 Run 3

mgg (x 103 g)a - -

[i]mp (x 10* mol/L) 0.61 0.61 0.61
F (x 10° L/s) 27.5 37.3 49.0
nio (x 10" mol)® 5.42 5.28 5.34
D; (x 107 cm?s) 8.6 9.0 9.1

L 4.1 4.1 45

8 (x 10* cm)* 0.51 0.49 0.44
R? 0.999795 0.999578 0.999466

: The mass of the ODS packing is unknown (see section 5.2.2.2)
b The standard deviation was not obtained from the fit because Microsoft Excel

Solver does not calculate them automatically, unless a specific macro is written. Mean
value for Runs 1-3 is D; = (8.8 £ 0.3) x 107 cm®s™
€ 3 was obtained from L and D; through Eq. 5.8.
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value of L are failure to meet shallow-bed conditions and film diffusion. To find which
one of these processes is dominant, it is useful to plot the dependence of the value of L on
fiowrate. If faiiure to meet shallow-bed conditions is the reason for low L, then the value
of L obtained from the fit to the data should vary linearly with flowrate, according to Eq.
2.34. Conversely, if film diffusion is the primary cause of the deviation, L should be
proportional to (flowrate)'”, according to the theoretical relationship developed in

Chapter 2, Section 2.4 :

_ Shiilue Dap _ 1.09 (21,1 )" [iJup Dier
" 2[00, o [ D..,) 2(i],.. D, (Ea. 236)

In Eq. 2.36 the effect of flowrate is represented by the effect of superficial velocity u;
which is a proportional quantity. Fig. 5.13 A plots the values of L vs. flowrate and fits
them to both Eq. 2.34 or Eq. 2.36. It is apparent that the fit to Eq. 2.36 is the better fit of
the two, suggesting that film diffusion, and not slow flowrate is the primary cause of the

deviation from pure spherical diffusion described by Eq. 2.1.

To further investigate the possibility of external film diffusion being the primary cause of
low value of L, the best fit values of L can be compared with the predicted values of L, as
discussed in Section 2.4. However, it is instead preferred here to compare the predicted
and experimental values of the diffusion-film thickness 8, since § is easier to interpret.
The experimental value of § can be extracted from the value of L by combining Eq. 2.35

and 2.7.
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Fig. 5.13. Evidence for film diffusion being the primary distortive effect in Bed 2. A:
Dependence of the parameter L on flowrate. The experimental values of L for Runs 1-3
of Bed 2 (filled squares) are from Table 5.3. Dashed line is the fit to Eq. 2.34 (non-ideal
shallow bed conditions) and the solid line is the fit to Eq. 2.35 (film diffusion). B:
Dependence of the diffusion film thickness & on flowrate. Filled circles, are dexx
calculated from Eq. 5.8. The open circles are e calculated from Eq. 5.9. The error
bars are the standard deviations. The solid lines are fits of equation 3.« = constant -
(flowrate) . The open squares and the filled diamonds are Opredicted Values from Eq 5.10
and 5.11, respectively. See text for details.
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The subscripts ‘expt’ in the above equation signify that the value of L and § are obtained
from fitting the experimental data with Eq, 2.32, which distinguishes them from
predicted values to be discussed later. The values for S obtained via Eq. 5.8 from the
best-fit values of D;, L, and from [ijmp/ilpar = 0.05925, Dyp = (5 £ 0.6) - 10 cm/s
(Wilke-Chang correlation), r = 6.15 x 10 cm. The values obtained are Sex = 0.51 +
0.06, 0.49 £+ 0.06 and 0.44 = 0.05 pum for Runs 1-3, respectively. (The standard
deviations are taken to be 12%, to match the standard deviation associated with the value
of Dmp [99], which is assumed have the largest amount of uncertainty compared to other
parameters used to calculate §). The experimental values of dexx are shown in Fig 5.13 B

as the filled circles, along with the standard deviations.

If one assumes that shallow bed conditions are met and only film diffusion acts to slow
down the desorption-rate from the particle, there is another way of obtaining exp. It
involves fitting the experimental data to Eq. 2.15, described in Section 2.1.3. Fig. 5.14,
panels A-C, shows the fit of Eq. 2.15 to Runs 1-3 of Bed 2. The curves were fit using
Microsoft Excel solver, and the best-fit values are reported in Table 5.4. The fit of this
equation is also very good and it displays very high R? values. Eq. 2.15 has three fitting
parameters: n; o, D;, and 6r. The average value of D; for the three runs is (7.4 = 0.3) x 107
cm’s™!, which is close to that obtained from fitting with Eq. 2.32 above. This is expected

since, when film diffusion is the primary cause of deviation from spherical diffusion, Eq.
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Fig. 5.14. Fit of Eq. 2.15 (film/spherical particle diffusion) to Runs 1-3 of Bed 2. Solid
dark lines are experimental data points (same data as in Fig. 5.10) and gray line 1s for best
fit line. The fitting parameters are reported in Table 5.4.
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Table 5.4. Parameters from non-linear regression fit of Eq. 2.15, describing desorption
from a sphere with partially-limiting external film diffusion, to the cumnulative
desorption rate curves of DMNB from Bed 2 (nio, D; and & are fitting

parameters). The fitting curves are shown in Fig. 5.14

Result/Parameter Run 1 Run 2 Run 3

msg (x 10° g)* -

[i]mp (¢ 10° mol/L) 0.61 0.61 0.61

F (x 10° Lss) 27.5 37.3 49.0

nio (x 10" mol)® 5.42 5.28 5.34

D; (x 10’ cm¥s)"® 7.14 7.50 7.68

6r (from Eq. 2.15)" 6.65 6.55 7.35

5 (x 10° cm)© 3.84 3.71 3.23
0.99969 0.99951 0.99945

RZ

: The mass of the ODS packing is unknown (see section 5.2.2.2)
b The standard deviation for the fitting parameters was not obtained from the fit

because Microsoft Excel Solver does not calculate it automatically, unless a specific

macro is written. Mean value for Runs 1-3 is D; = (7.4 £ 0.3) x 10”7 cm®s™
¢ The value of & was obtained from 6 via Eq. 5.9 by using [i]mp/[i]pan = 0.05925

(calculated using R=32.40, and particle porosity £y, = 0.505), Dyp = Sx 10 cm?/s, and
the best fit values for D; and 0r (r = 6.15 x 10™ cm).
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Eq. 2.15 should be an alternative form of Eq. 2.32. The values for §eqx are obtained via a

modified form of Eq. 2.15 b:

_[Jve D T
" [i]e D, 0r (59)

Using the best-fit values of D; and 6r, and from [i}mp/iJpan = 0.05925, Dup = (5 £ 0.6) x
10°° cm’/s (Wilke-Chang correlation), r = 6.15 x 10 cm, the values of 8oy = 0.38 = 0.05.
0.37 £ 0.04 and 0.32 = 0.04 um are obtained for Runs 1-3, respectively. (The standard
deviations are taken from the average deviation associated with Dyp which, at 12% is
assumed have the largest amount of uncertainty as compared to other parameters used to
calculate expe from Eq. 2.15). These values of dexx are also shown in Fig 5.13 B as open

circles.

As mentioned above, the values of § can also be predicted, which is done using the
following correlations. The first correlation is obtained after combining and rearranging

Eq, 2.7 and Eq. 2.12.

-173
2re 2u.r
5 = mer S 5'10

prede 1.09 ( Dy ] ( )

The second correlation is obtained after combining Eq, 2.7 and 2.13

5 - M Y

r -

S . .= L : 5.11
il =) (3 e

sinter
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Values obtained by the use of Eq. 5.10 are 0.31, 0.28, and 0.255 um , while those
obtained with Eq. 5.11 are 0.398, 0.36, and 0.328 for Runs 1-3 respectively. These
values are based on r = 6.15 x 10 cm, €umer = 0.4, and assuming that the open fraction of
the shallow bed (the area not taken up by the walls of the silicon grids) is 0.7. Fig5.13 B
shows the Spredicied Values obtained from Eq. 5.10 as open squares and the Sprediciea Values

obtained from Eq. 5.11 as filled diamonds.

The predicted and experimental values of § plotted in Fig. 5.13 B and presented in Table
5.5 are of the same order of magnitude. Also, when the values of .. are fit with an

equation :

Sexpe = (constant) - (flowrate)'” (5.12)

which is the expected dependence of §, the fit is reasonable. (The fit line to the predicted
values is not shown, because, by definition, they give a perfect fit to an equation such as
constant - (flowrate)'? | i.e. see Eq. 5.10 and 5.11) In addition, it is very likely that the
dpredicted Values are even closer to the values of cxpx, because of a systematic error in the
present use of Eqs 5.10 and 5.11: the particle radius that is used in the prediction of 3 is
that of Luna C-18 particles, but in fact the bed was prepared with a mixed-particle slurry.
The glass beads have larger diameters (from 10-20 um, with the majority having
diameters closer to 20 um, by microscopic inspection). It is therefore likely that Spredicted

values should be larger. It is not clear how much larger this value should be, however it
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Table 5.5. Summary of experimentally obtained (Sexy) and predicted (Spredicied) diffusion
thicknesses plotted in Fig. 5.13 B.

Method of obtaining dexy
Run 1 Run 2 Run 3
OF Spredicted
Sexpe (from Table 5.3) 0.51+0.06" 0.49 £ 0.06 0.44 £ 0.05
Sexpt (from Table 5.4) 0.38 +£0.05 0.37+0.04 0.32 £ 0.04
Sprodicied Via Eq. 5.10 0.310° 0.280 0.255
Sorediced via Eq. 5.11 0.398° 0.360 0.328
2 The =+ signs are standard deviations
b The uncertainty in the values of §prdictea cOuld not be easily calculated. Instead,

the differences between the two predicted values provide a sense of the possible

uncertainty.
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could be on the order of 10-20%. For example if it is assumed that the volume-averaged
particle diameter of the glass beads is on the order of 16 um, and that the volume fraction
of the glass beads in the shallow bed is about 35%, according to discussion is Section
5.2.3.2, then the volume-averaged particle diameter in the bed is 12.3-0.65 +16-0.35 =

13.9 um, which 1s 10 % higher than the diameter of Luna C-18 packing of 12.3 pm.

In summary, the ex and dprodicied Values are close in magnitude, especially when taking
into account that 3presicied Values should be slightly larger. As well, §.xx values give a
reasonable fit to an Eq. 5.12. These facts give further support to the view that the
desorption rate from Luna C-18 is slowed-down primarily by film diffusion, and not the

failure to meet shallow bed conditions.

5.3.8 Shallow-bed conditions

The requirements which need to be met for the achievement of shallow-bed conditions
have already been discussed in Sections 2.4 and 3.3.4. In short, shallow-bed conditions
can be effectively achieved if the maximum desorbing solute concentration never exceeds
a very small fraction of the feed-solution concentration. For this purpose it is useful to
refer to Fig. 5.7, which has been normalized so that the absorbarnice (or concentration) of
the feed solution is equal to 1. The plot of the normalized, deconvolved desorbing
concentration for Run 1 is shown in Fig. 5.7 D. At small times, the maximum desorbing
concentration is 59% of the feed concentration. The maximum desorbing concentrations

leaving the bed are 47% for Run 2 and 40% for Run 3 (not shown). They are lower
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because of the increased flowrate. According to this criterion alone, it seems that shallow

bed conditions are not fully met.

However, the results from the previous section suggest that shallow-bed conditions are
nearly met and that film diffusion is the dominant effect causing the distortion of the

observed desorption-rate curve

Finally, if one is only interested in obtaining the value of the diffusion coefficient inside
the packing (D) it is not necessary to achieve strict shallow bed conditions because Eq.
2.32 accounts for the effects of slow flowrate and/or external film diffusion. In addition,
errors associated with failure to meet shallow bed conditions (and with film diffusion)
affect the data at short times, and to a lesser extent at longer times, so only looking at
long-time data would lessen their effect. However, it is desirable to keep flowrates as
large as possible, so that the distortion due to small velocities does not become the major
contributor to the observed desorption curves; extracting diffusion coefficients in such

cases would be prone to large errors.

5.3.9 Film vs particle diffusion

The issue of film diffusion being partially rate limiting to the desorption kinetics from
Luna C-18 has already been explored in Section 5.3.7, where it was shown that film
diffusion is the primary reason for the fact that the desorption data do not follow pure

spherical particle diffusion. In this section, the relative contributions of particle diffusion
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and film diffusion are quantified with the use of Eq. 2.14. For DMNB, Dyp is 5 x 10
cm’s™ and D; can be obtained from Table 5.3, and the ratio [ilpa /[ilme is equal to 16.9,
and the values of & are obtained from the correlations as described in Section 5.3.7. The
value of X ranges from 0.17 to 0.14 for the slowest to the highest flowrates used for Bed
2. These values are very close to 0.13, suggesting that both film - and particle diffusion

resistances contribute significantly to mass-transfer in this study.

5.3.10 Pore vs. surface diffusion of DMNB in Luna C-18

The intra-particle diffusion coefficient for DMNB in Luna C-18 obtained from fitting Eq.
2.32 to the cumulative desorption rate data is D; = (8.8 + 0.3) - 107 ecm® s”'. If DMNB
were to diffuse inside the mesopores of LUNA C-18 via sorption-retarded pore diffusion
(SRPD), the D; for DMNB can be predicted via Eq 1.16 using the values: Dyp= (5 = 0.6)
-10° cm’® 5! for DMNB in 50/50 MeOH/H,O (from the Wilke-Chang correlation [99]).
The parameter R in Eq. 1.16, which is the ratio of moles DMNB in the pores to the moles
adsorbed on the pore walls, was calculated to be 32.4. Tortuosity is assumed to have the
value of 2 £ 0.5, as discussed in Sections 1.3.2 and 1.5.2. The hindrance parameter for
DMNB inside the mesopores of LUNA C-18 (average pore size of 100 A) is estimated to
be 0.8 + 1 {27, 30, 31]. The estimated D; for DMNB assuming SRPD mechanism is then
calculated via Eq. 1.16 to be (6 + 2) - 10® cm? s This value is more than an order of
magnitude smaller than the observed diffusion coefficient showing that pore diffusion
alone cannot explain the observed value, and surface diffusion is the dominant mode of

mass transfer in Luna C-18. The surface diffusion coefficient for DMNB inside Luna C-

207

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




18 is calculated by rearranging Eq. 1.11 and using parameters calculated above, to yield
Ds = (8.5 = 0.5y107 cm® s™'. Since, in Eq. 1.11 the tortuosity for surface diffusion
coefficient is lumped into Ds, the surface diffusivity along the pore walls is more likely to
be around (3 £+ 1)-10°. This value is in agreement with surface diffusivities on C-18-
denivatized flat fused silica obtained from luminescence methods where they range from

about 2.5:107 t0 6.5 -10°cm?/sec. (See section 1.5.2)

5.3.11 Sources of error

There are a number of sources of error in this analysis, but it will be shown that they
don’t contribute a large systematic error in the determined values of the intraparticle

diffusivity.

(1) Pore-PG correction: Table 5.6 shows the results of the fit of Eq. 2.32 to the
cumulative desorption curves for Runs 1-3 when the correction for pore-PG is not carried
out prior to the data processing steps. To determine the importance of the pore PG-
correction, these values are compared with the values in Table 5.3. One obvious
difference is in the n; ¢ values, which are all consistently 3% lower. This is of course
expected, since the amount of pore-solute is 3% of that of the sorbed solute at
equiluilibrium. However, there is very little change in the actual mass-transfer
parameters obtained from the fit to Eq. 2.32. The average value of D; is (9.4+ 0.4) - 107

cm®s™', which is statistically indistinguishable (t-test, 95% confidence level) from the
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Table 5.6. Parameters from non-linear regression fit of Eq. 2.32, the cumulative

desorption rate curves of DMNB from Bed 2. which were nor corrected for

pore-£G (nj o, U; and L are fiing parameters).

Result/Parameter Run 1 Run 2 Run 3
msg (x 10° g)* - - -
[i]mp (x 10° mol/L) 0.61 0.61 0.61
F (x 10° L/s) 275 373 49.0
o (x 10" mol)® 5.23 5.09 5.15
D; (x 107 cm?/s) 8.9 9:6 9:6
L 3.8 3.6 4.1
8 (x 10* cm)* 54 5.1 4.7
R? 0.999688 0.999411 0.999347
The mass of the ODS packing is unknown (see section 5.2.2.2)
b The standard deviation could not be obtained from the fit

€ d was obtained from L and D; through Eq. 2.35.
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value of D; obtained after the correction ((8.8+ 0.3) - 107 cm® s™). As well, the values of
& (0.54,0.53, and 0.47 pm for Runs 1-3 of Bed 2) are very close to the ones obtained by
fitting the corrected data (0.52, 0.50, and 0.44 um). It seems that the uncorrected IRF-
marker curve yields almost the same parameter values as the corrected one. This is true
because the DMNB solute is strongly retained under the conditions (k’ = 15.0, R = 32.4)
and the pore solute contributes only a small fraction to the total solute in the particle at
sorption equilibrium. For solutes which are less strongly sorbed, the Pore-PG would be
larger. The best policy, however, would be to use an IRF-Marker which is totally
excluded from the porous particles. It was already discussed that high-molecular weight
Blue Dextran is not suitable here for practical reasons. Another possible type of excluded
IRF-Marker, which was not explored in this study, might be UV-absorbing anions, in the
absence of any buffer. When the concentration of anions in the unbuffered solvent is
small, the ionic strength is small, and the Donnan Potential inside the negatively-charged
silica particles has an excluding effect on the anions. For example, anions such as nitrate

have been used for the purpose of marking of the interparticle porosity [44, 111, 112].

(2) Presence of PDMS: The second significant source of possible uncertainty is the
presence of PDMS on the parts of the shallow bed directly in contanct with the flowing
solvent. As was shown for Bed 1 in Section 5.3.5, the solute sorbed by the film of
PDMS adds an undesirable contribution to the overall desorption curve. Removal of the
PDMS film was found to eliminate the problem. However, if complete removal of the
film is not possible its contribution can be subtracted. We have already seen that the

diffusion coefficients inside Luna C-18 obtained from Bed 1 (after fitting with Eq. 5.6,
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accounting both for spherical diffusion plus the undesirable diffusion from the PDMS
film) and from Bed 2 (after fitting with Eq. 2.1, describing spherical diffusion only) are
very close in value and are statistically indistinguishable. This suggests that for Bed 1 the
slow part seems to be well accounted for by the planar diffusion term of Eq 5.6. But the
fast part, which is due to the desorption from Luna C-18, is not properly accounted for by
the spherical diffusion term of Eq. 5.6, because of the presence of the external film
resistance as well as non-shallow bed conditions. It is therefore necessary to fit the fast
desorption data to Eq. 2.32, which accounts for both of those effects. This can be done if,
prior to the fitting, the undesirable part of the curve is subtracted. To do this, one simply
subtracts the best-fit line for the slow part, described by the parameters n; ¢ fim and Beim
from Table 5.1. When this is done, and the resulting desorption curves for Bed 1 are fit
to Eq. 2.32, the fitting parameters of D; and L. along with the corresponding value 6 are
also close to those from Bed 2. The fitting parameters are shown in Table 5.7. The
average D; is (8.8+ 0.8) - 107 cm®s™, which is indistinguishable from the value obtained
for Bed 2 (Table 5.3). The values of L and § are also similar, though the results are

slightly more scattered.

Thus, it seems that the undesirable contribution from PDMS can be successfully
subtracted from the cumulative desorption curve. Nevertheless, it is preferable to avoid
direct contact of the flowing solutions with PDMS altogether, since it is a complicating
factor. The method used to achieve this (scraping the extra PDMS off) is crude and time-
consuming, but better methods of applying the liquid elastomer can no doubt be

developed. As well the use of elastomers similar in their physical properties to PDMS
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Table 5.7. Parameters from non-linear regression fit of Eq. 2.32, to the fast part of the

cumulative desorption rate curves of DMNB from Bed 1.

No Pore-PG

correction for has been made. (n;o, D, and L are fitting parameters).

Result/Parameter Run 1 Run 2 Run 3
mss (x 10° g)* - - -
[i]mp (x 10° mol/L) 0.61 0.61 0.61
F (x 10° L/s) 27.5 37.3 49.0
nio (x 10'° mol)® 4.18 4.19 4.21

D; (x 107 cm?/s) . 9.5 8.8 8.0

L 3.8 3.5 45

8 (x 10* cm)* 0.50 0.59 0.51
R? 0.999675 0.999586 0.999308

2 The mass of the ODS packing is unknown (see section 5.2.2.2)

b The standard deviation could not be obtained from the fit

d was obtained from L and D; through Eq. 2.35.
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but without the strong sorbent properties of PDMS could be used in the future. One such

material, presently being developed, is ‘liquid’ Teflon [113].

(3) Effect of PDMS on desorption data in Chapter 4. In the studies reported in
Chapter 4 there also was exposure of the flowing liquids to the PDMS-lined walls of the
s.s. washer, and no attempts were made to scrape it off. However a separate study with a
blank bed containing unscraped PDMS (a porous Teflon membrane in place of PRP-1,
see section 5.3.5) was carried out in 85/15 MeOH/H;O (the solvent used in Chapter 4)
and it was determined that amount of solute (NA) present inside the PDMS was less than
2% of the total, its contribution was present in only the first 1 sec of the desorption curve.
The reasons for the very slight effect of PDMS in the PRP-1 study are most likely the
more hydrophobic nature of the eluent (85% MeOH, as opposed to 50%) as well as a
larger amount of solute sorbed onto the actual stationary phase. The latter would make
the amount of NA sorbed into the PDMS relatively smaller. (NA is only slightly more

hydrophobic than DMNB.)

(4) Flowrate too slow: Another source of error is the fact that the flowrate is too slow to
fully achieve shallow bed conditions. It was shown in section 5.3.7 and 5.3.8 that this is
not a large source of uncertainty (i.e. that the flowrate is sufficiently fast, and therefore
the use of Eq. 2.32, gives a good estimate of D; in Luna C-18). However, if the flowrate
is made faster, this potential source of error would be further diminished. This is possible
with this apparatus. It will suffice to simply use less Luna C-18 and more glass beads in

the mixed particle slurry used to pack the shallow bed. If the amount of Luna C-18 is
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decreased twofold, the flowrate is expected to rise (a reasonable guestimate would be
from 1.5 to 2 times, based on experience) and the molar desorption rate would be halved,
making the concentration decrease 3-4 fold. Eventually, it will not pay to decrease the
amount of stationary phase further, because the absorbance due to the desorbing solute

will become too small, decreasing the S/N.

5.3.12 Predicting the contributions of particle mass transfer in
Luna C-18 to band broadening in a chromatographic column

The plate height associated with band broadening due sorption/desorption kinetics and
other effects can be calculated via equations outlined in Chapter 1, and it can be
compared to the plate height of the DMNB peak which has been observed on a Luna C-
18 HPLC column (4.6 mm ID, 25 cm long), 50/50 MeOH/H;0, 2mL/min flowrate (0.292
cm/sec velocity of unretained component), packed with the same batch of Luna C-18 as

that used in the kinetic studies.

First the observed plate height is discussed. Three different chromatograms of DMNB
are shown in Fig. 5.15. The fits of a Gaussian curve are superimposed. The table in Fig.
5.15 shows the best-fit parameters, such as the center of gravity and the standard
deviation of the Gaussian peak. The observed plate height is calculated via the following

equation:

2
H,, =(—) xZ (5.13)
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Fig.5.15. Gaussian fits to three elution chromatograms of DMNB. The data is the solid
black line while the fit is the grey line.
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where Z is the length of the column and tz is the retention time of the elution peak. The

value of Hg,s for DMNB at 2ml/min is 54 £ 2 um.

Next, prediction of the plate-height will be carried out using equations from Chapter 1.
There are several contributors to band broadening, and thus to the overall plate-height:
contribution from longitudinal diffusion (Hyp), the coupled term of liquid
chromatography (Heoupie), the diffusion through the stagnant mobile phase of the particles,
inciuding surface diffusion (Hgm), the kinetics of the chemical interaction with the
stationary phase (Hs), and film diffusion (Hgm). The contributions of all these processes

can be represented via the following equation.

Heowat = Hip + Heouple + Hsm + Hs + Hfiim (5.19)

First, the contribution of H, p is calculated. According to Eq. 1.4 Hypis:

_2 YDy
u

Hyp (1.4)

where Dyp is the diffusion coefficient of the solute in the mobile phase (cm?/sec) and u is
the linear velocity of the mobile phase (i.e. the velocity with which an unretained
component moves axially through the column). The obstruction factor, v, is about 0.5 to
0.8. At the flowrate of 2 mL per minute (u = 0.292 cm/sec) H pis equal to ~ 0.3 um,

which is small enough to make it negligible.

The value of Heoupie 1s given by Eq. 1.7:
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, - -1
st )
where d,’ is the particle diameter of the packing and A and ® are a packing parameters in
the Heaay and Hwp terms, respectively. The values of A and o, are 2.5 and 5 for a well-
packed column (the smallest packing parameters possible) {1]. Using Eq. 1.7, Heoupie is
calculated to be around 30 um. This value can be confirmed by calculating Heoupie from
similar equations, such as equation 2.47 in reference [1], which gives a value of 29 um.

The error in Heoupie depends on how well the column is packed and its value could range

from 30 to 60 um.

The value of Hgy 1s calculated via Eq. 1.17:

_ (1-f+K)? d2u
SM T _ 2 kKD
30(1-H(1+k") ©, + fs)

(1.17)

where k’ is the retention factor of the solute i, and fis defined in Eq. 1.13 to be the
fraction of the total porosity of the column which is occupied by the stagnant mobile
phase in the pores of the particles. Hsy is calculated to be 10 + 1 um (using the values
of k' =15.0, f=0.46, Dp=(2 £ 0.5)- 10°cm’ s™", and D= (8.45 £ 0.3) - 107 cm?®s™). In
conventional chromatography, the contribution of surface diffusion is usually neglected
(primarily because band broadening studies are carmed out for small retention factors
where surface diffusion is less important). If surface diffusion was to be ignored here by
making Ds = 0, the value of Hsy obtained via Eq. 1.7 would be equal 148 um, or about

15 uimes larger (i.e. worse).
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The next parameter, Hs, arises when the rate of the chemical step of sorption/desorption
onto/from the stationary phase is slow. As discussed in Chapter 1, Section 1.3.1, ODS
stationary phases exhibit extremely fast chemical kinetics, making the term Hs negligible.

For this reason, it will not be discussed further here.

The value of Hgyy, is calculated via Eq. 1.22:

_E G +K+k k) 4)° uin
(+k,)* (1+k)y* DZ

(122)

film

where & is a packing factor, and ky is defined in Eq. 1.23 as the ratio of the intraparticle
and interparticle porosities inside the HPLC column. Hgr, ts calculated (using the values
& =15[2] and ko = 0.86) to be 20.0 + 2 um. The fact that Hg, is greater than Hgy
(including the effect of surface diffusion on Hsy) is reasonable in view of the fact that at
2 ml/min (u = 0.292 c/sec) in the HPLC column the film thickness is about 4 times
larger than during the shallow bed experiments, while intraparticle diffusivity is assumed
to remain unchanged . Since film and particle diffusion had approximately equal
contributions during the shallow-bed experiments, film diffusion should be rate-limiting
in HPLC expeniments in this case. The contribution due to film diffusion is generally
ignored by chromatographers studying band broadening [1, 2]. This is usually a
reasonable assumption as the value of Hgm is often small when compared to Hsy at small
retention factors, (Recall that, at small retention factors, surface diffusion is thought to
have a negligible contribution to Hsy.) For example the value for Hgy calculated above

neglecting surface diffusion is 148 um.
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Putting together the information gathered above, it is concluded that the values of Hp,
and Hs are negligible, but the effects of surface diffusion (in addition to the stagnant
mobile phase diffusion) and of film diffusion should be included. Hat becomes:

H,. = H.,, +Hg +Hg,

-1
(1, Dw ), _(-f+k) dpu Bk +k+kk)’ 4 ug
2d, “odju) 30(-H(1+K) y  KDsy o (1+k,)’ (1+K)" D
f

= 30um + 10pm + 20 um (5.15)

The predicted value of Huy 1s calculated to be around 60 um, which is in good
agreement with the observed value (Hoos = 54 pm). The conventional way to predict
plate height also neglects Hyp, and Hg. In addition, the contribution of surface diffusion
and film diffusion are also neglected, and Hi,1 becomes:

H e = Heoupe + Hen
(5.16)

- "2 2
I P D";’ PR UL 529 L B PRP:
Ad, odiu) 30(1-H(1+k) D,

The value of Hgy, is calculated via Eq. 5.16 Hype = 178 um. Even though this value is in
agreement with the plate height which would be calculated from literature ( For example,
Hioul from equations 2.47 and 2.48 in reference [1] is predicted to be 140 pum) 1t 1s almost
3 times larger (i.e. worse) than the observed value of 54 um. The two predictions are
further illustrated in Fig.5.16, where equations 5.15 and 5.16 are plotted over a large span

of velocities in the column and are compared to the observed value.
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Fig 5.16 Predicted H vs. u curves for DMNB on a column of 12 pum Luna-C18. A: The
contribution of each term in Eqs 5.15 and 5.16. The top Hgy line is calculated neglecting
surface diffusion (Eq. 5.16), while the bottom Hgy line is calculated including it (Eq.
5.15). The contribution of Hyp is not plotted. B: H;xa Vs. u curves calculated neglecting
surface diffusion and film diffusion (Eq.5.16), and including them (Eq.5.15). The
diamond-shaped point in panel B the experimental plate height H,s which was obtained
at 0.292 cm/sec.
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Fig. 5.17 shows the experimental elution peak of DMNB on a Luna C-18 columnn at 2

mL/min along with elution peaks predicted via Eq. 5.15 and Eq. 5.16. Itis clear that in

this case, the contribution of surface diffusion and film diffusion should not be neglected.

It is important to point out the fact that DMNB is strongly sorbed onto the stationary
phase under the present experimental conditions. Retention factors which are this large
are generally avoided in isocratic HPLC analyses in order to speed up separations and to
keep the signal at a reasonable value. Since the effect of surface diffusion is less for
compounds with smaller retention factor, Eq. 5.16, rather than Eq. 5.15, is usually used to
describe bandbroadening in analytical chromatographic literature. However, since there
is some evidence that surface diffusion coefficients may increase as the strength of
retention decreases [44], there may still be cases, where Eq. 5.16 would better describe
bandbroadening, even for compounds with relatively low. Kinetic studies at low
retention factors could shed more light on the importance of this phenomenon in practical

HPLC.
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Fig. 5.17. Predicted and observed elution peaks. The grey line is the experimental curve
(from Fig 5.15 A). The solid black line is the curve predicted with Eq. 5.15, which
includes the effects of surface and film diffusion. The dashed line is the peak predicted
with Eq. 5.16, a more conventional equation which excludes surface and film diffusion.
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Chapter 6: Sources of extra-bed band broadening in
Type Il apparatus

6.1 Introduction

The role of instrument (extra-bed) band broadening and the correction for it, which
includes subtraction of the IRF-Marker and deconvolution, was outlined in Chapter 2,
Section 2.2. For the Type 1l apparatus the correction is outlined in Section 2.2.5. Despite
our ability to correct for it, the instrument band broadening (also called dispersion) is an
unwanted phenomenon, and it is desirable to minimize it as much as possible. Therefore,
it is useful to obtain a general idea about what instrument band broadening processes are
the most important. For the purpose of the following discussion, see Section 4.2.2 and

Fig. 4.1, Fig. 4.2, and Fig. 4.4.

6.1.1 Parts of the apparatus through which an IRF-Marker flows
during the desorption step

Fig. 6.1 shows the close up of part of the shallow-bed assembly in the Type II apparatus
described in Chapter 4, focusing on the shallow bed and those components where band
broadening occurs during the desorption step. It is presumned that just before the
desorption step, the solute-containing eluent is present above (i.e. downstream of) the
bottom s.s. screen, while below this screen, only solute-free eluent is present as the result
of the flush step. The solution containing desorbed solute goes through several
components on its way to the detector: First, the desorbed solute has to travel through the

empty 200 um - thick silicon grid, followed by the 5 um — thick nickel mesh, and then the
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600 pm particle-packed shallow bed. After the bed, it passes through the top nickel
mesh, and flows through another empty silicon grid. It then passes through the woven
s.s. screen, and finally enters the 2 mm i.d. quartz-tube flow-cell. The bottom edge of the

2 mm -Jong detector window is located a short way downstream (about 0.5 mm).

6.1.2 Band broadening processes which can occur during the flow of
an IRF-Marker

First, consider the band broadening in the shallow bed. Because we are considering the
band broadening which occurs due to the processes occurring outside the particles, the
particles are assumed to be non-porous and non-sorbing. It also has to be remembered
that the fluid velocity between the particles is 2 orders of magnitude higher than in
conventional HPLC. The main dispersion pro;:ess should thus be controlled by eddy

diffusion (See Eq. 1.7, Section 1.2), while molecular diffusion should have a negligible
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Fig. 6.1: Schematic of the particle-packed shallow-bed and other parts where band
spreading may occur during the desorption run. Roughly to scale. For more detail see
Fig. 4.2 and 4.4. 1: particle-packed silicon grids comprising the shallow bed. 2: Empty
silicon grids. 3: bottom s.s. screen — the presumed boundary between the solute-
containing solvent and pure solvent after the end of the flush step and just before the

desorption step (see Fig. 4.1 and 4.2 for a reminder about the flush and desorption steps).
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contribution to dispersion. However, Eq. 1.7 cannot be used to calculate the likely shape
of the elution profile from this bed, because Eq. 1.7 applies for long columns. The
volume of the shallow bed through which the fluid flows is calculated to be ~ 0.5 pL,
based on the height (0.6 mm), the radius (1 mm), the open area not taken up by the walls

of the silicon grids (~0.69) and the void fraction (~0.4).

Next consider the flow through the quartz tube and the empty silicon grids above and
below the packed shallow bed. The holes in the empty silicon grids can be treated as an
assembly of very short open tubes. The quartz tube above the shallow bed is a single
channel. Band broadening processes inside open tubes are going to be considered in the
following paragraphs. The volume of the holes in the two empty silicon grids is about
0.9 pL. The volume in the quartz tube from the top of the s.s. screen to the top of the
detection window is 7.8 pL, assuming the distance between the s.s. screen and the bottom
of the detection window is 0.5 mm. Thus the volume of the quartz tube is almost 10
times the volume of the holes in the silicon grids, which makes it very likely that it is the
quartz tube which is responsible for most of the dispersion from the two components.
The volume of the quartz tube is also 16 times the volume of the shallow bed. Moreover,
the relative band broadening in a packed tube is much smaller than that associated with
open, unpacked tubes [55, 91]. This means that the contribution to dispersion from the

shallow bed is also negligible compared to that from the quartz tube.

Band broadening in the nickel mesh and the s.s. screens will be ignored here, because

their volumes are negligible compared to the above parts.
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The last source of band broadening that may need to be considered comes from the
region directly below (upstream) the bottom s.s. screen in Fig. 6.1. However, it is likely
that this region is free of solute at the beginning of the desorption step because it has been
flushed out during the flush step (See Fig 4.2). Convection underneath the screen likely
occurs via a recirculation zone depicted in Fig 4.2 C [104-106]. The s.s. screen, along
with the silicon grids, act as a barrier which prevents convection by recirculation within
them and above them. Prior to conducting all the desorption experiments, it was part of
the procedure to demonstrate this by increasing the flush time until the A(t) signal
observed in the desorption step did not change. (In all cases, flush times of I second met
and exceeded this criterion). This demonstrates that convection completely removes the
solute from undemneath the bottom s.s. screen, while the solute above that screen remains
_ unflushed, as is desired. Thus, band broadening processes that would occur if the solute

was there at the start of the desorption step need not be considered.

The above discussion shows that instrument band broadening is mainly occurring in the
quartz flowcell, with possibly a small contribution from the empty silicon grids.
Therefore, it will be necessary to consider the dispersion equations for flow through an
open tube. This involves first determining whether the flow through the flowcell is likely

to be laminar (viscous) or turbulent. The Reynolds number, R, is:

pUd ©6.1)
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where U is defined as the average linear velocity in the tube (cm/sec), p is the density
(g/cm®) of the following liquid, d is the internal diameter of the tube, and 7 is the
viscosity of the liquid (Poise). For straight tubes, the flow is laminar when R, <2100,
meaning that all the streamlines are parallel to the walls of the tube. At R, > 2100, the
flow develops turbulence [114]. In all the studies carried out on the type II apparatus in
Chapter 4 and S, the fastest flowrate was 0.49 mL/sec, giving the average linear velocity
in the quartz tube of 15.6 cm/s, resulting in a Reynolds number of around 200. Later in
this chapter, Reynolds number as high as 1000 will be reported, but this is still a value
well below the transition region. The Reynolds number is much smaller inside the holes
of the empty silicon grids because of the smaller hole-diameter (the holes are actually
squares, but that doesn’t affect the current discussion). Thus, it is safe to conclude that

the flow within the quartz tube is laminar.

For laminar flow, several mathematical models have been developed to quantify
dispersion. For a long, straight piece of tubing, the laminar flow profile is parabolic [1, 3,
55, 79, 91, 114, 115], meaning that the velocity of the moving fluid is largest in the
center, and it decreases as a parabolic function of the radial coordinate until it achieves
the value of zero at the wall. This is depicted in Fig 6.2 A. Such a flow profile is a source
of band broadening, since the solute molecules in the middle of the tube move faster than
the solute molecules closer to the walls. The only relaxation of the solute band
broadening arising from this non-uniform flow profile is provided by lateral diffusion,
because as the molecules diffuse towards and away from the wall, they sample different

velocities, and can thus average out their overall velocity through the column. If the tube
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is long enough, the process of diffusion to and from the wall happens many times, and the
eluting zone will adopt a Gaussian peak shape [1, 6]. When the tube is made shorter, or
as the flow is made faster, or when the tube —diameter is made larger, radial diffusion has
progressively less time to act as an averaging mechanism, and the eluting peaks start to

deviate from the Gaussian peak shape, becoming progressively more asymmetric [96-98].

However, in the present case it is obvious that the tube is extremely short. The length
from the bottom of the quartz tube (end of the s.s. screen) to the top of the detection
window is only slightly larger than the tube diameter itself. Moreover, the LD. of the
tube 1s quite large — 2 mm, and the average time that a solute needs to flow from the s.s
screen to the end of the detector is measured in milliseconds (from 26 milliseconds in
Run 3, bed 2 of Chapter 5 to approximately 200 milliseconds in the slowest run in
Chapter 4). Using the Einstein equation [1, 3, 6, 56, 57], the average diffusion distance in
those instances for a small molecule such as PG (taking into account the diffusion
coefficients in different fluids) are 5 and 21 um, respectively, which is only 0.5% and 2%
of the tube radius. Thus, lateral diffusion has almost no time to relax the flow profile.

The experiments carried out in this chapter aim to determine if this is the case.
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Fig 6.2 Schematic representation of fully developed parabolic flow profile (6 A), and
flow profiles at the entrance region of a tube (6 B). The flow profiles are not those
calculated from theoretical equations, but are merely schematic aids.
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6.1.3 Band broadening due to the detector

The last source of band broadening relevant here is due to the detector and the detactor
window. The detector response-time often distorts the true waveform passing through it.
The IRF function associated with this phenomenon is an exponential-decay function,
where the response time equals the response time of the detector. In the present case, the
response time was always chosen to be 0.3 milliseconds. This is enough not to cause
significant contribution to the observed A(t) signal. A much more serious problem is the
fact that the detection window in the present apparatus is almost as long as the relevant
length of the quartz tube itself. The IRF due to the detection window is often defined as a

rectangular signal whose variance is, in volume units [1]:

& =(Vg?/ 12 (6.2)
and in time units

o = (ta)*/ 12. (63)

Here, V4 and 4 are the volume of the detector cell, which is a portion of the quartz
cuvette that is viewed through the window, and the time needed to pass through the
detector cell, respectively. Even though this relationship seems simple at first glance, it
is important to realize that solute molecules which flow along different radial coordinates
in the quartz tube have different velocities. While ty may be very short for solutes
traveling through the center of the tube, it will be much longer for those traveling next to

the walls. In other words, the effect of the detector window varies for different radial
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distances within a tube. This phenomenon will not be dealt with further here, but it is

important to keep in mind.

6.1.4 Goal of the experiments

The experiments in this chapter deal with the observation of the A(t) curves for the
reverse fronts of two IRF-Marker solutes eluted from a bed packed with non-porous
beads in order to characterize the dispersion in the apparatus. One IRF-Marker is PG, a
small molecule, while the other is Blue Dextran, a very large co-polymer molecule
(2,000,000 Daltons). Their different sizes give them vastly different diffusion
coefficients. By comparing the differences between the shapes of their IRF peaks, the
role that molecular diffusion plays in the apparatus can be elucidated. It will become
apparent that molecular diffusion plays a virtually negligible role in dispersion in the
current system. Further interpretation of the data will not be possible, because of many

complicating factors.

6.2 Experimental

6.2.1 Reagents, solvents, and sorbent
Phloroglucinol (PG) (1,3,5 trihydroxybenzene, Fluka, >99%) and Blue Dextran (Sigma-

Aldnich #D 5751) were was used without further purification. The solvent (mobile phase,
or cluent) used in this study, both for making solutions of PG and Blue Dextran, was
filtered, deionized H,O. Water and its PG and Blue dextran solutions were sparged with
helium before the experiments. The non-porous glass beads used to pack the shallow bed

have been described in Chapter S, Section 5.2.1
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6.2.2 Apparatus

The apparatus used was exactly as described in Chapter 4, Section 4.2.2

6.2.3 Procedure for the measurement of the reverse front shapes

The procedure is exactly the same as that outlined in Chapter 4, Section 4.2.3. The only
difference is that the equilibration time was 10 sec and the desorption step lasted 2.5 sec.
Also, it wasn’t necessary to adjust the pressure after each set of five cycies, because the
resistance of the glass-bead packed bed was constant, and, consequently, so were the

flowrates.

6.3 Results and Discussion

This section discusses the role of molecular diffusion vs. convection in the present

apparatus, and the nature of the flow profile inside the quartz tube

6.3.1 Determination of the role of diffusion in the instrument band
broadening in Type Il apparatus.

Shown in Fig. 6.3 A are the normalized A(t) curves of the reverse fronts for a small
molecule (PG, 126 Daltons) and a large molecule (Blue Dextran, 2,000,000 Daltons)
from the bed packed with non porous glass beads at a flowrate of 1.63 mL/min (51
cm/sec) in water. Both of the curves are an average of 30 cycles (6 sets) each. The
experiment has been cammed out in the same manner as in Chapters 4 and 5, but in this

case no desorption kinetic information is obtained; both compounds act as unretained,
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excluded solutes (IRF-Markers). The diffusion coefficient of PG in water is 8.6 - 10
cm®s™, according to the Wilke-Chang correlation for small molecules, while the
macromolecule Blue Dextran has the diffusion coefficient of 2.4 - 10 cm®s™ (according
to the Stokes-Einstein equation [3, 27, 52]). The two coefficients differ by more than 2
orders of magnitude. If molecular diffusion plays a significant role in the band
broadening experienced in the present system it should make a large difference to the
shape of the two desorption curves. For example, if they were injected into a long tube,
the Gaussian peak of the PG curve would be about 19 times narrower than the Blue
Dextran curve [1, 6]. Fig 6.3 A however shows that the two curves are virtually identical.
Fig 6.1 B shows the IRF peaks obtaining by taking the negative derivative of the curves
in Fig. 6.1 A, according to Eq. 2.27. Table 6.1 shows the values of the elution time (the
first statistical moment) and the variances (the second statistical moment). It also
tabulates the results obtained at two other flowrates. The elution times for Blue Dextran
are only a few percent larger than for PG. This is due to the fact that the viscosity of the
Blue Dextran solution (concentration of 0.125 g/L) is slightly larger than that of the PG
solution, which causes a slightly slower flowrate [109]. The lower flowrates for Blue
Dextran cause the slightly delayed elution times and wider widths of elution peaks. (No
correction for Dextran viscosity was attempted because it is impossible to determine the
exact magnitude of it in the present apparatus, even if the relative viscosities are known)
The change in viscosity causes the PG and Blue Dextran values not to be statistically
different at the 95 % C.1., but they are still remarkably close. This agreement between

the two sets of data confirms the fact that diffusion does not contribute significantly to
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Fig. 6.3. Comparison of band broadening for PG (solid lines, 126 Daltons) and Blue
Dextran (dashed line, 2,000,000 Daltons) at 1.63 mL/sec. A: The reverse-fronts. Both
curves are averages of 30 cycles each. The sampling frequency is 1000 Hz, i.e. there are
30 data points per curve on the graph. B: The IRF peaks which are obtained by taking
the negative derivative of the reverse frontal curves. PG IRF is ihe solid line while the
Blue Dextran IRF is the dashed line.
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Table 6.1. The elution times, variances, and standard deviations of the IRF peaks for PG

and Blue Dextran obtained from reverse fronts on non-porous packing.

Table 6.1 A: 1.06 mL/sec (33.7 cm/sec)

PG Blue Dext.
tetution (X 107 5) 8.86+0.002° 9.09 + 0.003
% (x 10° s?)* 5.03%0.17 56%0.16
6 (x 10’ s)* 7.1+0.1 7.5+0.1
Table 6.1 B: 1.40mL/sec (44.6 cm/sec)

PG Blue Dext.
tetution (% 10° 5) 7.28 + 0.003 7.56 + 0.003
6’ (x 10° §%) 2.1+£024 2.72+£¢.22
o (x10%s) 46+0.3 52+02
Table 6.1 C: 1.63 mL/sec (51.9 cm/sec)

PG Blue Dext.
terution (x 10% s) 6.47 + 0.003 6.66 + 0.003
ol (x 10° s%) 1.63+0.26 1.83+0.26
G (x10°s) 40+0.3 43+03

2 The + signify the standard deviations of values in the table are based on 21
repetitive calculations of the value with different integration times, n = 20. The symbols
6~ and ¢ are the variance and the standard deviation of the IRF peak.
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the shape of the IRF. This is very good news when it comes to choosing the IRF-Marker,
because it identifies convective processes as the primary determinant of dispersion in the
present Type II apparatus, and allows us to choose an IRF-Marker having a diffusion

coefficient which is significantly different from the solute.

6.3.2 Possible flow patterns in the apparatus

It is now established that the band broadening in the present apparatus is primarily
affected by the flow patterns. It was also shown in the introduction that little or no
turbulence is expected to occur. There are three things to consider when trying to

determine the possible flow patterns inside the apparatus.

1. The shape of the velocity profile exiting the shallow bed and entering the quartz
tube. Under laminar conditions, the flow profile in straight, cylindrical tubes eventually
becomes parabolic. However, as discussed in Section 6.1.2, it is unlikely that a parabolic
flow profile exists in the quartz tube. The presence of the packed shallow-bed, the s.s.
screens, and the empty silicon grids, is very likely to change the velocity profile along the
radial coordinate. In the best-case scenario (when it comes to band broadening) the radial
distnbution of the axial velocity could be made to approach a plug-flow profile at the
entrance into the quartz tube, just above the top s.s. screen in Fig 6.1. A plug profile
simply means that all the velocities are equal, regardless of the position along the radius
of the quartz tube.

2. The amount of band broadening occurring in the quartz tube itself. The flow —

profile entering the quartz tube could be parabolic (Fig. 6.2 A), plug (Fig- 6.2 A), or it
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could have any shape in between those two. If a fully parabolic flow-profile were to exit
the top s.s. screen (See Fig. 6.1) and enter the quartz tube, it would also remain parabolic
in the tube. For this profile, the velocity in the center is twice the average fluid velocity
through the tube, and is zero at the walls. The IRF expected from injecting an infinitely
narrow zone of solute into a straight tube displaying a parabolic flow profile in the

absence of molecular diffusion is given by [91]:

A(t)mr-pm =‘—l';' for t% <t<m
)
tCB
6.4)
=0 everywhere else

where t is time and t, is the center of gravity of the peak.

If, on the other hand, a plug flow-profile was to enter the quartz tube, it would not remain
perfectly flat because the viscous drag from the stationary walls of the quartz tube. This
drag would cause the profile to gradually become parabolic further down the tube, as
depicted in Fig 6.2 B. The length of the tube needed for this transition is called the

entrance length of the tube. It can be estimatied via the following equation [114]:
Entrance region length~ 0.1 -r- R, (6.5)

For a flowrate of 1.63 mL/sec (51 cm/sec in the quartz tube and about 180 cm/sec
between the particles in the shallow bed) in water (the fastest used in this thesis, the data
for which are shown in Fig. 6.3) this tube has an entrance region of about 100 mm while

for the flowrate of 0.1 1mU/sec (3.5 cm/sec in the quartz tube and about 12 cm/sec
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between the particles in the shallow bed) in 85/15 MeOH/H,0 (the slowest used in this
thesis for Type II apparatus in Chapter 4) it is 7 mm. Another method of calculating the
entrance length gives very similar results [115]. This calculation shows that, if the
starting profile was indeed flat, in all cases the detector cell would be well within the
entrance region of the tube. The velocity distributions in the entrance region can be
numerically simulated using reference [114] ( equation 3.39 and chapter II, section 20
therein). Other methods of simulating the flow in the entrance region of a tube exist in

the literature [115].

3. The effect of the finite detector cell length on the observed curves. In the present
apparatus the volume of the detector cell comprises 80% of the volume associated with
the quartz tube. This adds a large degree of complexity when it comes to interpreting the
data. The only quantitative statement which can be made about this effect is that the
detector should broaden the expected theoretical curves significantly. As well, the
presently discussed A(t) signal changes so rapidly that the detector time-constant (the rise

time) also contributes to the band broadening of the experimental data.

It could be potentially useful to produce theoretical A(t) vs t curves for the IRF peak
inside the shallow bed apparatus based on both the parabolic and plug entrance velocity
profiles in the quartz tube and compare them to experimental curves. Before this is done
however, it is important to list certain cautionary statements against overinterpreting the
data. The unknown effect of the detector window has been already mentioned above.

There is however, one other issue: the Delay time of the electronic valves. The flow in
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the present apparatus is controlled by an arrangement of computer-controlled electronic
valves. The time required for those valves to fully switch positions is specified by the
manufacturer as “5 milliseconds or less”. This gives rise to a Delay time, meaning that
the flow does not start at 0 milliseconds. Moreover, in the few milliseconds during which
the valves switch, the valve is partially open, causing partial flow to occur. In order to
simplify this problem it will be assumed that there are two distinct times — the Delay
Time (no flow) and the time during which flow does occur. The center of gravity of the
peak measured from the end of the Delay time to the time where the middle of the peak
reaches the detector is defined as t.;. This definition means that the elution time observed

by the detector is equal to Delay time + t..

Elution time = Delay time + t; (6.6)

Figure 6.4 A shows two predicted curves modeled assuming a fully-developed parabolic
flow profile (Eq. 6.4). The first curve is calculated based on Delay Time = 0 and t.; = 6.5
msec. The second curve is calculated based on Delay time = 3.5 msec and t; = 3 msec.
The sum of delay time and t; for the predicted peaks add up to 6.5 msec, in order to
match them with the elution time of the experimental IRF peak obtained for PG at 1.63
mL/sec, (See Fig. 6.3 B and Table 6.1 C). Fig. 6.4 B shows two curves predicted
assuming that the flow is occurring in the entrance region where the flow profile is

evolving from a plug towards a parabolic shape. The first curves in both A and B are the
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Fig 6.4. Theoretical A(t) vs. t curves for the IRF superimposed onto the experimental
curve for PG at 1.63 mL/sec. All curves are made to have the same elution time (first
statistical moment). The t.; means the center of gravity of a peak measured from the end
of the Delay Time of the valves used. The sampling frequency for both modeled and
experimental curves is 1000 Hz, i.e. there are 30 data points per curve on the graph. A:
Curves predicted using Eq.6.4 for a parabolic flow profile. B: Curves predicted for the

entrance region of a tube, assuming plug-flow as the starting flow profile. The effect of
detector flow profile has not been accounted for in the predictions.
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ones calculated based on Delay time = 0 and t.; (center of gravity) = 6.5 msec. The
second curves are calculated based on Delay time = 3.5 msec and t; = 3 msec. They are
again compared with the observed PG curve. Even though the predicted curves from the
laminar flow profile seem to fit the observed curves better in terms of the overall width
and peak height it has to be pointed out again that detector band broadening effects have
not been taken into account here. These effects would serve to lower and broaden the
predicted peaks. It is important to observe that both sets of the predicted eluting peaks
develop a tail, just like the observed peak. Based on such preliminary results it is not

possible to exclude the existence of either flow regime.

To summarize there are three effects to be considered: the shape of the flow profile
exiting the shallow bed and entering the quartz tube, the flow profile in the quartz tube
itself (whether it is parabolic, or whether it is evolving towards a parabolic profile from
some starting profile), and the finite cell (window) length, which contributes to band
broadening and makes interpretation of experimental results difficult. The present
analysis does not allow characterization of the flow inside the instrument. However, it
stands to reason that the closer the flow profile that exits the shallow bed is to plug flow,
the less band broadening will be created. Also, the shorter the length of the quartz tube
between the bed and the detector, the shorter the time for the solute to reach the detector,
which will result in a decrease of system band broadening,. Increasing the flowrate can
have the same effect as decreasing this distance (this is confirmed experimentally in
Table 6.1). Finally, decreasing the length of the detection cell will reduce band

broadening.
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Chapter 7: Summary and future work

7.1 Summary

The purpose of this work was to develop an instrument based on the shallow-bed method
which measures the desorption rates from chromatographic packings in a continuous
fashion — i.e. which can obtain the entire rate curve in a single run. The first part of the
work (Chapter 3) was to confirm the feasibility of the technique and to develop the
appropriate data processing steps. The desorption of naphthalene from 20 pm polymeric
particles of PRP-w in 70/30 MeOH/H,O was chosen as the solute-sorbent-solvent system
to be studied. The reasons were that the diffusion coefficient of naphthalene inside the
matrix of the gel-like PRP-oo particle is slow, and that it was previously measured. This
made the design of the instrument simpler and it allowed comparison of the observed
intraparticle diffusion coefficient to the literature value. The digital data processing
techniques such as deconvolution and filtering allowed corrections for experimental
artifacts due to instrument band broadening and extra-particle solute, after running a
separate desorption experiment on an unretained, excluded compound, phloroglucinol.
The results were fit with 2 sphenical diffusion model (Eq. 2.1), and the measured particle
diffusivity of 5 x 10™"! cm? sec™ was found to be statistically indistinguishable from the
observed literature value. This successfully demonstrated the feasibility of the

instrumental and data-processing approach.

The second, more difficult part of the work was to develop an instrument capable of

measuring sub-second desorption kinetics, in order to advance the shallow-bed method.
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Considerable experimental challenges existed: (i) Placing the detector very close to the
shallow bed (about a millimeter) , while maintaining dependable seals. (ii) Allowing for
efficient and sharp transition between the flow of the solute-containing solvent used in
equilibration and the solute-free solvent used in the desorption step. (iii) Acquiring data
very rapidly. (1v) Maintaining the geometrical integrity of the shallow bed, i.e. preventing
the bed from collapsing. (v) Preventing the stabilized shallow bed from changing
resistance to flow (even if the bed doesn’t collapse and no voids develop in the packing.
the resistance to flow can change due to consolidation). (vi) Developing a new data
analysis technique to correct for experimental artifacts due to instrument band broadening
and extra-particle solute. (vii) Developing a way to deal with the difficulty of finding an
excluded compound for porous particles. (viii) Finding and applying the proper
theoretical models to describe the mechanism of the desorption process and the
departures from true shallow bed conditions (i.e. the concentration of the desorbing solute

becoming significantly larger than zero).

The first three challenges were solved by modifying an existing instrument that is used
for homogeneous kinetic measurements. The stopped-flow instrument was designed to
withstand pressures of 150 psi. It already contained the optics needed to focus light
through a small-volume flow cell and the electronics needed to record fast-changing
signals (down to a sub millisecond scale). The modifications made to the instrument
were extensive and are described in Chapter 4 and Chapter 5 in the experimental section.
They included designing a flow-channel block that would house the shallow bed less than

a millimeter upstream from the flow cell, and which replaced the “mixer™ used in the

244

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




stopped flow experiments. Also, commercial electronic valves were purchased and were
positioned to achieve the proper flow sequence needed for the desorption experiment.
They are controlled with a computer via a program written in Labview, which also allows
for fast data acquisition from the UV-Vis absorbance detector. Constant pressure pumps
were connected to the inlets of the stopped-flow apparatus, so that the proper solutions
could be delivered. The instrument can also be thermostatted at a wide range of different

temperatures (from 0 to 60 Celsius).

The fourth challenge (preventing the shallow bed from collapsing) proved most difficult.
The first design that prevented the bed from collapsing is shown in Chapter 4, Fig. 4.4,
and it involved the use of microfabricated silicon grids. It is thought that the silicon grids
stabilize the bed by “fencing — in” the particles, which prevents large lateral shifts of
particulate material. It was also found that for the bed to be stable inside the instrument it
had to be more than 0.2 mm long. Thc bed-length used subsequently was 0.6 mm long.
The fifth challenge (maintaining a constant resistance to flow of the shallow bed) was
solved in Chapter 5 by using a mixed-particle slurry, where the ODS-silica sorbent was
mixed with larger porous glass beads. The reason for this could be that the glass beads
were more wetted by the relatively polar solvent used. An important additional benefit of

the larger-diameter glass beads is that higher flowrates are achieved.

Challenge six was overcome when the proper expression was found in the literature to
obtain the IRF signal by differentiating the observed curve for the excluded compound in

the apparatus (See Eq. 2.27, section 2.2.5). Challenge seven was solved by using an

245

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




unretained, but not excluded, compound and developing a correction for it (See Section
3.3.2). Challenge eight was solved by finding the proper theoretical equations in the
chemical-engineering literature, and developing Microsoft Excel spreadsheets which

allow for fitting the rate date with those equations using Microsoft Excel Solver.

Overall, the instrument which was built, combined with the novel data-analysis
techniques, is capable of measuring the fastest kinetics vet observed via the shallow-bed
method (i.e. processes which are complete in 0.5 seconds), and its development
significantly advances the technique. It displays the potential of observing even faster
kinetics. Another significant feature is the capability of computer control, which readily
allows for signal averaging and for checking of the reproducibility of the data (the
reproducibility between cycles and in between sets of cycles is excellent). Finally, the
detector used is a UV-Vis absorbance detector, which allows for measurements of a large

class of analytes.

The first solute / particle / solvent studied with the Type II instrument was naphthalene /
PRP-1/85% MeOH. PRP-1 is an HPLC polymeric sorbent, 10 um particle diameter.
Fitting the kinetic data with Eq. 2.4 (biporous spherical diffusion) revealed that there are
two intraparticle diffusivities. The first is for mesoporous diffusion, which is the faster
one of the two. The application of Eq. 2.32, which applies when there are significant
deviations from shallow-bed conditions, revealed that the mesoporous diffusion
coefficient inside the packing is much higher than that obtained with Eq. 2.4, and, from

best-fit parameters it was measured to be approximately 3 x 107 cm® sec”’. This value
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suggests that both pore and surface diffusion may be significant contributors to mass
transfer inside the mesopores. As well, it was shown that film diffusion, in addition to
mesoporous particie diffusion, also contributes to the observed desorption rate for the
faster process. The kinetic data for the mesoporous diffusion coefficient contained a
much larger amount of information than literature data, which was obtained with a less-
advanced shallow bed method. The new data (and theoretical methods) allowed for the
better estimate of the mesoporous diffusivity and identification of film diffusion as
partially rate limiting. The siower process involved matrix diffusion through the
skeleton made up of microspherical aggregates of the cross-linked polymer. The
diffusion through this matrix was found to be very hindered, giving an estimated
diffusivity of 2 x 107"° cm® sec™. A Low S/N ratio was found to introduce a large

uncertainty (a range of + 50%) in the determination of this diffusivity.

The second and final solute / particle / solvent system studied was 1,2-dimethyl-4-
nitrobenzene /Luna C-18 / 50% aqueous MeOH. Luna C-18 is a porous ODS packing,
with a particle size of 12 um. The resulting curves were fit with Eq. 2.32 and Eq. 2.15
and it was found that particle and film diffusion were both rate-limiting under the
conditions studied. The intraparticle diffusivity was measured as 8.8 x 107 cm® sec™.
The entire process was completed in about 0.5 sec. It was determined that surface
diffusion compnises more than 90% of intraparticle transport for a compound with a high
retention factor. After the determination of the surface diffusion coefficient, its effect on
band broadening of elution peaks in column chromatography was studied by comparison

of predicted and experimental elution peaks obtained in a 25-cm long HPLC column.
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Theoretical band broadening equations were used to predict the plate height of the overall
peak for two cases. In the first case surface diffusion and film diffusion were ignored,
while in the second case they were accounted for. It was found that in the second case
the predicted and observed peak shapes and plate heights were in close agreement, while
in the first case the agreement was poor. This showed that surface and film diffusion
have a significant effect on the band broadening in the column, and that the effect of
surface diffusion was to decrease band broadening at high flowrates, compared with what

is predicted with conventional versions of HPLC band broadening theory.

7.2 Future work

Future work can be grouped into two categories. The first is the kinetic studies which
could be carried out with the present system. The second category relates to some

possible improvements to the existing Type II apparatus.

Kinetic Studies which could be pursued with the present system. Fundamental,
systematic kinetics studies can be carried out on the present instrument with a wide ‘

variety of packings, solvents, and solutes.

As early as 40 years ago, J. C. Giddings wrote about the potential importance of surface
diffusion on chromatographic band broadening [3, 44]. However, to date, no systematic
fundamental studies of surface diffusivities in HPLC have been performed. The

dependence of intraparticle diffusivities on parameters such as the mobile phase
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composition, temperature, and retention could be measured with the present apparatus to
obtain data which could lead to deeper understanding of the nature of surface diffusion

and to illuminate further its effect on band broadening in chromatography.

The present method could also be used to study the kinetics of other types of sorption
mechanisms, including ion exchange [50], affinity chromatography (using, for example,
protein/ligand interactions [18], aptamers [116], or molecularly imprinted polymers
[117]), and metal-ligand interactions [118]. This instrument could also be applied in

measuring the rates of extraction/release of solid - phase extraction membranes [119].

Improvements to the present type Il apparatus. Further improvements to the
apparatus would include, but are not limited to the following. (i) Better infrastructure for
packing the shallow bed. The present methods of bed packing involve a high degree of
manual labor and a fair amount of dexterity (See Fig. 4.5, 5.1, and 5.2). A proper design
would surely decrease the difficulties associated with the procedure. Also, proper design
of the use of PDMS to improve the seals but to prevent unwanted sorption into it would
greatly decrease the amount of labor involved. (ii) Higher Flowrates. Higher flowrates
will allow for study of faster processes. They could be achieved with proper ratios of the
non-porous glass-beads in the mixed particle slurry. Also, pressures could be raised
beyond 250 psi, which is the current rating of the apparatus. A different design of sealing
materials may be needed. (iii) The use of a high-flowrate constant-displacement pump
instead of constant pressure pumps during the flush and desorption step. The instrument

can be adapted for the use of constant displacement pumps, with only minor adjustments
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necessary. Special pump systems would have to be used to deliver high flowrates
(Waters 2525 Binary Gradient Module, which is capable of delivering up to 150 mL/min,
is one example of such a pump). This would create several advantages. First, the
reproducibility of the runs could be increased even further. Moreover, the use of high-
molecular-weight excluded compounds for IRF-Markers could be made more feasible,
because the slight viscosity change that is common to their solutions would not change
the flowrate. (iv) Finding better (excluded) IRF-Markers. The current approach of
using an imperfect IRF-Marker (an unretained, but not excluded compound) and applying
a correction works very well because of highly retentive conditions. There could be
considerable interest in studying surface diffusivities at low — retention conditions and
even of studying pore diffusion under non-retentive conditions. For such studies, the use
of an excluded compound would become imperative. The use of low ionic strength
solutions of anionic UV - absorbers should be investigated as they can be excluded due to

the Donnan potential.
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Appendix 1 Labiew file used for data acquisition with
Type | instrument

Figure A1.1 below shows the Labview 4.1 program which instructs the National
Instruments IO board (PCI-M10-16XE-50) to acquire signal from the Waters Lambda
Max 481 LC detector used in Chapter 3 with the Type I apparatus. This file also allows
choosing the scan rate (Hz) and the gain of the /O board. The program was written by
Eric Carpenter. The wiring used to connect the detector to the I/O board are shown

below in Fig A1.2.

Fig. Al.1 Labview (National Instruments, Austin, TX, USA) file for data acquisition .
This program has been Designed by Eric Carpenter from the department of Physics.

5 =
@_{ rmnE START

par | UM fa%25]
ﬂ«s@-] @_I
|
[
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Fig. A1.2 Wiring between the Detector and the Connector block. The connector block is
connected directly into the /O board. See Table A2. 1 for the functions of the pin

numbers

Connector Block

Signal
Zj o Waters Lambda
Max 481 UV
Ref (Grnd
32 > - ) detector
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Appendix 2 Labview programs and the connections
used to control the Type Il apparatus in Chapters 4 and
5.

This appendix describes the Labview files used to control the valve sequences described
in Fig. 4.1. The main Labview file, called “SingleFlowdirection2.vi” is shown on the
next page in Fig. A2.1. This is the file which controls the timing of the counters on the
National Instruments I/O board (PCI-MIO-16XE-50). Also, it defines the Data
Acquisition window during a cycle. In addition it allows for choosing the number of
cycles per set of runs (the number of cycles per set was always chosen to be 5). The main
file is followed by a sub-file called “mergefiles.vi” shown in Fig. A2.2. This file takes the
data from each cycle in a set and merges them into a single file with a user-defined name

and directory.

The wirings needed to connect the National Instruments I/O board with the Valve Drivers
(Part #090-0022-100-1 Parker Hannifin, General Valve Division, Fairfield, NJ) that
control the valves are shown in Fig. A2.3. The left box shows the connections on the
connector block. The connector block is wired directly into the port of the Data
Acquisition board. The numbers on the left represent the pin numbers which were used.
The grey area to the right of the connector block is an additional external circuit, which is
needed to supplement the insufficient number of clocks on the I/O board. The
components of the internal circuit include an OR gate and a falling edge triggered flip-
flop toggle switch (actually, the parts used are a rising edge triggered flip-flop toggle

switch with a NOT gate before the Toggle (T) input. Taken together the flip-flop and the
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NOT gate give falling-edge triggering). The boxes on the right, above the dashed line,
depict the wiring connections on the Valve Drivers (VD). The numbers represent the pin
numbers of the individual valve drivers. VDI controls valve 1, and VD2 and VD3
control valves 2 and 3, respectively (VD2 and VD3 are wired in exactly the same way).
The box below the dashed line on the right represents the detector output device (called
the RA 401 controller). The dashed line is an imaginary line which separates the
connections that have to do with flow control from those that are involved in Data
Acquisition. The following page contains Table A2.1 and A2.2 which gives the function

or name of each pin on the connector block and the valve drivers, respectively.

The timing diagrams are shown for the outputs of different devices. The first four lines
show the timing of the counters (CTR), the digital line, and the data acquisition clock.
All these take place in the /O board. The next line is the timing diagram of the falling
edge triggered external flip-flop. The sixth trace from the top shows the timing diagram
for the OR gate on the external circuit. Since the output of the OR gate is connected
directly into VDI, the same timing diagram applies for the timing of valve # 1. When
the output of the OR gate is high, valve #1 tumns is in an energized state. The last trace
shows the timing diagram for VD2 and VD3, and hence for valves # 2 and 3. Finally, the
timing events are related to the different steps in the cycle: Equilibration, Time-out,
Flush, and Run. The lengths of the individual steps are not related to the actual duration
of the steps during the experiments. For example, the Equilibration and Desorption steps

are much longer than the Time-out and Flush steps in reality.
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Fig. A2.1 Diagram of the Labview (National Instruments, Austin, TX, USA) file “SingleFlowdirection2.vi" for flow control

and data acquisition for the Type II apparatus.. The boxes with text contain comments. This program was written by Eric
Carpenter of the Department of Physics
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Fig. A2.2 Diagram of a subfile of “SingleFlowdirection2.vi”, called “mergefiles.vi”. The boxes with text contain comments.
This program was written by Eric Carperter fof the Department of Physics
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Fig. A2.3 External connections used in conjunction with the Labview files. The top part
(above the thick dashed line) enables flow control by enforcing a sequence on the valve

dnivers, while the bottom part controls to data acquisition. The connector-block is wired
directly to the NI DAQ board in the computer. The symbols V+ and V- symbolize the 5
V power supply to all the component of external logic circuit.

Connector
-block pin
numbers
4 Valve Driver (VD)
1 pin numbers
1
VD1
4 —e 10
2 e 4
g o *VJ'@"— o C &
£ ; 4 4
9 o V. =5 VD2 VD3
39 .10 j | 10
68 o Signal Data
64 RA 401 Acquisition
:> Ref (Gmd) connections
32
Legend

Pin connections (see next page for the function of each pin on the
connector block)

®
NOT gate (Inverter)

Rising-edge triggered Toggle flip-flop switch — Resets on high. (If
combined with the NOT gate, the together become a Falling-edge
triggered Toggle flip-flop. T =toggle, R = Reset. Q = output

OR gate.

272

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table A2.1 Functions of each pin on the connector block used in Fig. A2.3

[Pin # unction*

41 PF/14 GPCTR1_GATE
11 F/10 TRIG 1
4 ND

2 PCTRO_OUT
ﬁO PCTR1_OUT
8 +

0 -

47 103

39 G GND

68 CHO

64 GND

32 IGND

*See a National Instruments “ PCI-MIO E Series User Manual” for details

Table A2.2 Functions of each pin on the valve drivers in Fig. A2.3

Pin # Function*
3 Toggle output ((internal to driver)
4 Positive logic input
3 jumpered to 4 necessary when using Toggle feature
6 Rising edge triggered flip-flop
8 Resets to de-energized state on rising edge
10 GRND

*See a Valve Driver II manual for details
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Fig. A2.4 Timing diagram for the Counters (CTR), Digital input/output lines (DIO), and
the data acquisition clock controlled by the Labview program (The top 4 lines). Also
shown are the timing diagrams for the external circuit, visible as the grey area in Fig.

A2 3(the flip-flop and the OR gate), as well as the timing diagrams for the valve drives 1-
3 (VDi - VD3). The text in the brackets names the device serving as the input (e.g. CTR
1) and the name of the input port (e.g. Toggle, Pin 6 etc.). The numbers at the bottom
refer to the states of the valves from Fig. 4.1

CTR O

CTR

DIO 3 -I

Data Acquisition L

Falling edge triggered g -
flip-flop (CTR1 to
Toggle; DIO 3 to Reset) —

VDI (OR gate to pin 4)
(flip-flop and DIO 3 to
OR gate)

VD1 and VD2 ;
(CTR 1 to pin 6, DIO -
3 to pin 8)

Y
7 3
\ 4
A
4

\ /

1 : Equilibration

2 : Time-out (no flow)
3 : Flush

4: Desorption
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