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ABSTRACT

Electrolyte diffusiophoresis is a spontaneous motion of particles in solution that is
induced by a concentration gradient. [1] While this motion was well studied both experimentally
and theoretically under low ionic strength, a theory for diffusiophoresis at high ionic strength has
not been established yet. [2] Herein, we show how we approach this problem with different
experimental setups in order to determine if diffusiophoresis exists in high salt condition
(Particularly sodium chloride larger than 100 mM). With the capillary and syringe pump setup,
we can qualitatively prove that diffusiophoresis does exist in high salt. However, a quantitative
study of the movement requires a complete stable interface, which cannot be satisfied by the
current system.
Another study on mineral replacement also involves high concentrated/saturated salt.
Previous research has studied the replacement of KBr crystal in KCl solution, focusing on the
thermodynamic model to calculate the volume change. [3] However, the replacement of KCl
crystal in KBr is poorly understood and studied. Moreover, the previous model only accounts for
thermodynamics equilibration but no transport or kinetics. Therefore, we here are establishing a
more complete model to account for the kinetics in the replacement, by examining the effect of
solid to solution ratios and measuring porosity.
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Chapter 1
Introduction of Diffusiophoresis
The theory and mechanism of diffusiophoresis were discovered and established by B.V.
Derjaguin in 1947, [4] and has been studied in detail both theoretically and experimentally by
Anderson.[5] Diffusiophoresis produces a temporarily electric field or pressure gradient that
converts chemical energy of concentration gradients to mechanical energy that causes charged
colloidal particles to move. Compared to other potential gradients that cause fluid motion, like
pressure or gravity, diffusiophoresis is a relatively small and subtle transport mechanism,
providing a typical rate of 1-10 µm/s for particles with sizes around 2 µm. Figure 1-1 shows the
relationship between fluid transport and their driving forces. Diffusiophoretic transport could
provide many novel
opportunities since
concentration gradient
frequently exists in places
like the human body or
geological reservoir.[2]

Figure 1-1. Causes of fluid transport and interconversions of
driving forces.
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1.1 Electrophoresis
In order to understand why we are interested in examining diffusiophoresis in high salt
condition, we need to first break down the two additive phenomena that cause diffusiophoresis.
The first part is the electrophoresis part, which is induced by a gradient in electrolyte
concentration. Experimentally shown by Lin and Prieve, spontaneous electric fields are induced
when there is a salt concentration gradient since the ions have different diffusivity.[6] The
induced electric field can be described by Eq.1 below.

𝐸𝐸 =

𝑘𝑘𝑘𝑘
𝑍𝑍𝑍𝑍

𝛽𝛽

∇𝐶𝐶
𝐶𝐶

Eq.1

where k is the Boltzmann constant, T is the temperature, Z is the valence of the salt ions, e is the
charge of a proton, and C is the concentration. 𝛽𝛽 is the diffusivity difference factor, shown below
as Eq. 2.

𝛽𝛽

= (𝐷𝐷+ − 𝐷𝐷− )(𝐷𝐷+ + 𝐷𝐷− ) Eq. 2

where 𝐷𝐷+ is the diffusivity of the positive ion, and 𝐷𝐷− represent that of the negative one. Table 1
listed the diffusivity value for some of the common ions. [7]
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Table 1. Diffusivity of common cation and anion in water at 25

℃.

For NaCl, the salt we used for the experiments, Cl- ion has a diffusivity of 2.032 nm2/s
and Na+ has a diffusivity of 1.334 nm2/s, which gives a 𝛽𝛽 value of -0.207. This means that the
Cl- from the high concentration side of the solution would want to diffuse faster than Na+,

inducing a spontaneous electric field with the direction pointing from high concentration toward
low concentration.

1.2 Chemiphoresis

The other part in diffusiophoresis is chemiphoresis. It is essential to first introduce
electrical double layer (EDL) and Debye length in order to understand the physic of
chemiphoretic motion.
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1.2.1 Electrical double layer (EDL)

There are two charged layers in electrical double layer; one layer is charged and fixed on
the particle surface, and the other is the surrounding fluid layer with oppositely charged ions that
balance the charges on the particle, making the net sum of charges zero. This also means there is
an induced electrical potential on the particle in most aqueous solutions. The Poisson-Boltzmann
(PB) equation (Eq.3) is used to quantitatively analyze EDL. For a Z: Z electrolyte, like NaCl
(1:1) for our interest, the PB equation can be simplified and used to derive the Debye length, κ
(Eq. 4). [8]

𝑍𝑍𝑍𝑍𝑍𝑍

𝑍𝑍𝑍𝑍𝑍𝑍

∇2 ( 𝑘𝑘𝑘𝑘 ) = κ2 sinh( 𝑘𝑘𝑘𝑘 )
κ2 =

2𝑍𝑍2 𝑒𝑒2 𝑐𝑐∞
𝜀𝜀𝜀𝜀𝜀𝜀

Eq.3
Eq.4

1.2.2 Chemiphoretic mechanism

Anderson first solved the Navier-Stokes equation inside the EDL, and Prieve extended
Anderson’s work to establish the equation (Eq. 5) for small double layers and for all zeta
potential values.[9]

𝜖𝜖

𝑘𝑘𝑘𝑘

1

𝑣𝑣 = 4𝜋𝜋𝜋𝜋 �β � 𝑒𝑒 � 𝜁𝜁 + 8 𝜁𝜁 2 � ∇ ln 𝑐𝑐

Eq.5
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Physically, the mechanism of chemiphoresis is the pressure difference inside the
electrical double layer. The pressure of in the EDL increases since the ions are being pulled
toward the surface of the particle, which causes the fluid around the particle to move from the
high electrolyte concentration side to the lower side. Therefore, the chemiphoretic mechanism
will always cause the particle to move to the higher concentration area.

1.3 Diffusiophoresis

Combining both chemiphoresis and electrophoresis mechanisms, the whole expression of
diffusiophoresis can be achieved. For a particle with a finite zeta potential 𝜁𝜁𝑝𝑝 in a Z: Z
electrolyte, the equation is

𝜀𝜀𝜀𝜀𝜀𝜀

𝑈𝑈𝐷𝐷 = 𝜂𝜂𝜂𝜂𝜂𝜂 �𝛽𝛽𝜁𝜁𝑝𝑝 −

2𝑘𝑘𝑘𝑘
𝑍𝑍𝑍𝑍

𝑍𝑍𝑍𝑍𝜁𝜁𝑝𝑝

𝑙𝑙𝑙𝑙 �1 − 𝑡𝑡𝑡𝑡𝑡𝑡ℎ2 � 4𝑘𝑘𝑘𝑘 ���

∇𝐶𝐶
𝐶𝐶

Eq.6

In this equation, 𝜀𝜀 is the dielectric permittivity of the medium, 𝜂𝜂 is the viscosity of the

solution, k is the boltzmann constant, e is the charge of an electron, C is the concentration of at
the high ionic concentration side, and ∇𝐶𝐶 is the concentration gradient within the solution.

For chemiphoresis, the charged particle always moves toward the high salt region due to pressure
gradient. However, the direction of the electrophoretic part depends on the charge type of the
particle, as well as the type of the salt. For NaCl, Cl- travels faster than Na+, therefore the
induced electric field points from high concentration area to low concentration area. However,
for a different salt, for example HCl, the positive ion travels faster than the negative ion. This
will induce an inverted electric field. Obviously, particles with different charges will be either
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attracted or repulsed in the same electric field. This property is used in the experiments to
qualitatively determine diffusiophoresis as it is easy to monitor the movement direction of the
particles. In other words, chemiphoresis and electrophoresis do not necessarily have an additive
effect; they can also be canceling each other.

Figure 1-2 above shows the diffusiophoretic mechanisms (Chemiphoretic and
Electrophoretic)

This figure shows the mechanism of diffusiophoresis, which is a combination of
electrophoresis and chemiphoresis. The first one is caused by an induced electric field, and the
second one is caused by the pressure gradient inside the EDL. The example uses a negatively
charged particle, which is moving toward the higher ionic strength area due to diffusiophoresis.
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1.4 Zeta potential and EDL at high ionic strength

The theory of diffusiophoresis is established with the assumption of having dilute
systems. Several physical properties like viscosity and dielectric constant change largely in the
concentrated system from those in dilute systems.[2] More importantly, at high ionic strength,
the zeta potential of the particles and electrical double layer have also changed significantly.
EDL and corresponding zeta potential were previously predicted to deviate qualitatively from
dilute electrolytes since the assumptions for classical Gouy-Chapman model fail at high salt
concentrations. [10] Therefore, the original theory for diffusiophoresis is not applicable at high
ionic strength. Moreover, if we use Eq.6 to predict diffusiophoresis at high ionic strength, the
velocity of particles would be very small, for both the chemiphoresis part and the electrophoresis
part, so that diffusiophoresis could be neglected at high salt condition.

1.5 Diffusiophoresis at high ionic strength

However, Astha’s work on zeta potential at high ionic strength shows that certain
particles like sPSL(Sulfur-modified polystyrene latex particle), aPSL (Amidine-modified) and
CML (carboxyl-group modified) have finite zeta potential at high ionic strength, providing the
possibility that diffusiophoresis is finite and large enough to be taken into account. Also, recent
development on modified Poisson-Boltzmann equation has also increased the probability and
methods to establish a system for high salt diffusiophoresis [11]. Here we decided to first take an
experimental approach to test if diffusiophoresis exists at high salt and then analyze it
theoretically.
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Chapter 2
Introduction to Mineral Replacement
Mineral replacement takes place when a mineral assemblage contacts with a fluid.
Reequilibration would occur so that the free energy of the binary system would be minimized. It
is important for us to understand the replacement phenomena since this type of reactions happen
in many geological environments in nature, and preserve many industrial applications [12].
Putnis studied some typical mineral replacement reactions primarily based on a thermodynamics
model, in order to understand the reaction mechanism [3].
Putnis explained how the replacement reaction of KBr by saturated KCl happen at room
temperature. He constructed the model based on Lippmann phase diagram (Figure 2-1), which is
used to determine the solubility curve. This allows a quantitative analysis of the relative volume
change that is associated with dissolution and precipitation reactions during mineral replacement.
The replacement begins at the outermost surface of KBr crystal because at the beginning the KBr
crystal is far out of equilibrium with the saturated KCl solution. Given enough time, eventually
the KBr will be almost entirely replaced to be a pure KCl crystal. The replacement of KBr in
KCl has been studied in detail , describing the thermodynamics and textural equilibration. He
obversed the replacement front, used isotope tracer experiments to explain mechanism, and used
Lippmann phase diagram to calculate the volume change [12].
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Figure 2-1 Lippmann phase diagram for KBr-KCl-H2O, with labels A-E showing the
change in the composition of replaced rim.

However, the replacement experiments have been done under the conditions that have
sufficient solutions. The current model only accounts for thermodynamics, but not transport
phenomena and kinetics effect. Solid to solution ratios have been mentioned but not studied in
detail either experimentally or theoretically. Mixing effect has not been taken into account, and
there is no effective way to measure porosity in the replacement. Therefore, our work is focusing
on 1) how different solid to solution ratios would affect the replacement, 2) To create a method
to measure porosity, 3) to construct a model that includes the kinetic and transport effects, and 4)
observe the replacement of KBr in KCl and vice versa. For the last objective, although KBr in
KCl has been analyzed previously, the replacement of KCl crystal in saturated KBr has been
reported in only one study and poorly understood. One hypothesis suggests that since KCl has a
larger lattice size than KBr, the pores would seal off after the replacement on the surface is done.
Here we want to first answer two questions from the experiments sets in order to
construct the theory behind this. First, how do the rate, extent, porosity and composition of the
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two replaced layers in the above system vary with solid to solution ratios and transport rate?
Second, can KCl crystals be replaced in saturated KBr solution under certain conditions and to
what extent?

Chapter 3
Experimental (Diffusiophoresis)
Several techniques were used as attempts to establish a stable working system for
diffusiophoresis. Although only one of them was chosen and used eventually, some major ones
are presented here as demonstrations of different problems we faced during this process. I would
like to show what the deficiency of each model is so that future attempts could avoid the
problems at the beginning, and provide some starting points so that it is possible for researchers
to modify them.
The first system I introduce is the final system we used to testify diffusiophoresis since it
is the most successful one. A 5mm * 5mm *80 mm glass capillary is cut out from a long
capillary using Dremel® tool kit. The capillary is then glued to a glass slide using either silicon
glue or UV glue. After the glue is dry, the bottom half (2 cm long) of the capillary is filled with
the higher concentration solution, for example, 1.5 M NaCl solution. The top half of the
capillary, which is about 4 cm long, is filled with a lower concentration solution, like 100 mM
NaCl. The top part of the solution is mixed with carboxylate modified latex particles (CML),
sulfur-modified polystyrene particles (sPSL) or amidine-modified polystyrene particles (aPSL),
depending on the type of experiment. The concentration of the particle is typically 1*10-4 w% of
particle in the salt solution, which is two hundred times dilution of the original 2% latex
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particles. A syringe pump is used for adding the top portion of solution. The pump is linked to a
plastic tubing that has a needle head at the end of the tubing. The needle end is taped on the side
wall of the capillary so that the injection of the solution goes along the capillary wall, shown
below in Figure 3-1. After the injection, the capillary, together with the glass slide, is loaded on
a high-resolution microscope for observation. (Figure 3-2)

Figure 3-1 Needle head leaning on the
capillary wall, linked with the tubing from syringe
pump.

Figure 3-2 Glass Slide with capillary
loaded on a microscope, with salt solution in.
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The second system we used is quite similar to the first one. The only difference is that we
are using a much thinner capillary instead of a 3mm*3mm one. And the solution is filled into the
capillary through capillary suction. The top and the bottom of the capillary are sealed off with
UV glue. (Shown in Figure 3-3)

Figure 3-3 Thin capillary setup for diffusiophoresis experiment

The third setup is based on the second one. What is different is that the less concentrated solution
is put into a reservoir-a petri dish. The thin capillary is filled only with the more concentrated
solution, along with particles. (Shown in Figure 3-4). The capillary is glued on the petri dish
with the glue in the middle. As seen from the figure, one end of the right capillary is also glued
to test different factors that could affect the flow. This would be explained in detail in discussion.
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Figure 3-4 Capillary in a reservoir setup

The last setup we attempted is a “Membrane burger”. Inspired by a micro-fluidic devise
developed by Matthew et al [13], a membrane is used to separate the two parts of the solutions.
Since pore size of the membrane is small, only ions in the solution can pass the membrane, the
particles cannot due to their size. Two black plastic rims (diameter of 2 cm) are printed out using
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a 3-D printer. The membrane is placed in between the two rims, and altogether glued between
atwo glass slides. (Figure 3-5)
Figure 3-5 “Membrane
Burger” Setup

The idea is still
similar to all the setups above,
which is to create two separate
layers of solutions. The bottom
solution is more concentrated than
the top solution. Particles are
usually in the top solution. From
Figure 3-5, it can be seen that there
is a bubble inside the setup, which
is a major problem for this setup.
More details will be discussed
below.
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Chapter 4
Experimental (Mineral Replacement)
Two types of experiments are done- KBr crystal immersed in saturated KCl Solution and
vice versa. For each type, five different parameters are changed to test how each of them would
affect the experiment. These five parameters are time, mixing effect, density driven flow, crystal
surface area, and solid to solution ratio, which would be elaborated later.
We first fixed the crystal size to 3x3x6 (mm), thus also fixed crystal surface area. The
crystals were cut from a larger piece of crystal using a blade. Then the crystals are washed using
hexane and dried out for 5 minutes. We used sulforhodamine B as a dye to show the replacement
more clearly. Around 0.02 g/ 100 ml is added to the solvent, saturated KBr or KCl, depending on
the experiment type. Then we immerse each piece of crystal in different containers with different
amount of dyed solution so that we will have different solid to solution (S/L) ratio, which is the
first independent parameter we change. For both KCl crystal in saturated KBr or KBr in
Saturated KCl, we used 0.02, 0.08 0.2 0.5, and 1.
The solid to solution ratio here is a molar ratio, which is calculated by dividing the moles
of the solid by the moles of the solute. Note that saturated KCl is 4M solution, and saturated
KBr, 4.5M. Then the containers are put into a warm water bath which is controlled at a
temperature of 25.1 to 25.5 Celsius. The starting and ending temperature is recorded. In addition,
before the crystal is put into the water bath, the saturated solution is equilibrated by the water
bath, to decrease the effect of temperature difference. The time duration for the experiments
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ranging from 30 mins up to 30 hours depending on the crystal type and desired replacement
extent.
Different sizes of crystals are prepared by cutting large KBr or KCl crystals with a blade.
We used four different sizes of crystals: 3x3x3 (mm), 3x3x6 (mm), 3x9x15 (mm) and 6x6x9
(mm).
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Chapter 5
Results and Discussion (Diffusiophoresis)

5.1 Methods that did not work

The first system we used to testify diffusiohphoresis is the second setup mentioned in
Chapter 3. The idea here is to utilize capillary action to “suck up” the solution one after another
to create a sharp interface. Then we use a microscope to monitor the interface and record how
particles at the interface will move. By using ImageJ®, a software that could track particles from
videos or images, we could then quantify the speed of the particles for theoretical approach. For
the first few approaches, we used a system of 1M over 2M NaCl, with sPSL or aPSL particles in
the low salt side. As shown in Figure 5-1, the zeta
potential for sPSL in 1M and 2M is around
-40 mV and -30 mV, respectively. For aPSL in 1M and
2M, it is 10 mV and 0 mV, respectively. Therefore,
theoretically, in a system of 1M/2M NaCl system, the
spontaneous electrical field, generated by diffusiohphoresis, is
pointing from high salt side toward low salt side. If sPSL, a
negatively charged particle is at the interface, it should be
moving toward the high salt side with a certain speed. On the
contrary, aPSL is positively charged in 1M and almost neutral
in 2M NaCl. Therefore we would expect the particles to move
toward the low salt side, or at least stay static. That being said,
the direction of the movement is the first thing to confirm the
Figure 5-1 Zeta potential
measurement of sPSL and aPSL [10]

existence of diffusiophoresis in high salt. However, there are
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several problems we encountered while using this setup. Firstly, the sharp interface cannot be created by
capillary action. After half of the capillary is filled with the top 1M NaCl solution, one end of the
capillary is dipped into the high salt solution container in order to suck up the bottom 2M NaCl solution.
This step would create a mixed middle layer since the bottom solution goes into the capillary quickly and
hits the top solution harshly, making an instantaneous mix at the interface. Another problem that is caused
by capillary rise is convection flow at the interface. This is actually the reason that caused the
instantaneous mix. Moreover, the convection keeps affecting the system and takes 30s to about 2 mins to
stop, making it impossible to analyze under the microscope.

The second system we attempted is the capillary&Petri-dish setup. In order to
reduce the mixing problem caused by gravity, we placed the capillary horizontally on a flat petri
dish and fill the dish with the solution that has different concentration.Two cases are examined
here: One with more concentrated solution inside the capillary, less concentrated in the reservoir
and vice versa. The particles are always mixed with the solution in the capillary.
The case with dilute solution inside the capillary is tested first with sPSL particles. The
induced electric field is pointing from the reservoir to the center of the capillary. Therefore, in
theory, the particles should move toward the reservoir since sPSL is negatively charged.
However, several problems appeared during the experiments. The biggest problem we faced is
density-driven flow. Since the capillary is placed at the bottom of the petri-dish, the lighter
solution wants to “escape” to the top of the reservoir. The density difference between 1.5 M and
100 mM is higher than 0.5 g/ml, creating a flow that carries particles out quickly. Below is an
image of that shows particles going out of the capillary.
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Figure 5-2 Microscopic image of one end of a 5mm*5mm capillary. Note that the
particles are moving out from the capillary.

In order to decrease the density-driven flow effect, we reversed the solution and tried
again with the same setup, now with more concentrated solution inside and diluted solution
outside. Although the magnitude of the flow dramatically decreased, it still affected the system to
a non-negligible extent: the predicted speed of diffusiophoresis is around 10 µm/s, while the
particles are moving faster than at least 50 µm/s (obtained by tracking particles from ImageJ).
After several unsuccessful attempts, we decided to take a step back, and to use the
original approach that testified diffusiophoresis by Anderson [14], by using a membrane. As
discussed in the Chapter 3, a polymer membrane would allow ions like Na+ or Cl- pass, but
block polystyrene particles due to its porous size. This method was quickly abandoned because
of three factors. The “membrane burger” setup takes a lot of effort to assemble, and is hard to
control its preciseness. Therefore, it added up the difficulty for us to distinguish if the movement
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of particles are caused by diffusiophoresis or simply due to leaking. Second, it is hard to measure
the movement of particles through microscope since there are several layers of materials
blocking the site, though doable. Third, the limitation of the membrane would not allow us to
quantitatively analyze the system because the particles cannot go through the membrane. Instead,
they could only fall on the membrane or have circulating flow within one part of the solution.
Also the membrane would change the diffusion speed of the ions even though they can pass
through, leading to a potential change of diffusiophoresis, which is induced by diffusion.

5.2 A working system
Finally, we decided to go back to the first system with some changes. We replaced the
thin capillary with the thick one, with a cross-sectional area of 25 mm2 (5 mm*5 mm), as
introduced at the beginning of Chapter 3. We chose to increase the size of the capillary in order
to change the way we add the solution. As shown earlier in Figure 3-2, a syringe pump is used
with small-diameter tubing to slowly inject the top solution on the top of the bottom solution.
Doing this would not eliminate the penetration effect, the first couple of droplets that go along
the wall would still penetrate down 100 to 300 micrometers below the air-liquid interface, and
bounce back to form the new liquid-liquid interface due to density difference. However, this
creates a more controllable system which has largely reduced the mixing effect when adding
with hands.
Usually the bottom solution is filled up to 2 cm high in the capillary, and the top solution
would double the height to be about 4 cm high. This is done intentionally to reduce the air-liquid
interfacial flow, which is caused by the instability of the air on the top of the capillary. We
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observed that this might cause some circulating flow around the air-liquid interface between the
top solution and air. It dies out with the solution depth. Therefore, we increased the amount,
hence the length of the top solution to ensure that this flow would not add more sophistication to
the region of interest-the liquid-liquid interface.
Two major sets of experiments were done to testify diffusiophoresis via this system, both
with a top solution of 100 mM NaCl, and a bottom solution of 1.5M NaCl. These two numbers
were chosen for two particular reason: 1) We want to maximize the concentration difference
between the two solutions to enlarge the potential diffusiophoreiss because theoretically a larger
electric field would be induced. 2) the density of 1.5 M NaCl is 1.04 g/ml, which is very close to
the density of polystyrene particle, 1.054 g/ml. This would reduce the settling velocity to a
negligible magnitude at our time range of study. The settling velocity is calculated by Stokes
law. ( Eq. 6 )

𝑣𝑣 =

2�𝜌𝜌𝑝𝑝 −𝜌𝜌𝑓𝑓 �∗𝑔𝑔∗𝑟𝑟 2
9𝜇𝜇

Eq. 6

where v is the velovity, ρ is density (the subscripts p and f indicate particle and fluid
respectively), g is gravitational acceleration, r is the radius of the particle, and μ is the dynamic
viscosity of the fluid. For a 1 micron particle, the settling velocity is predicted to be in the order
of 10-3 micrometer per second, which would not have any observable effect during a study of 30
minutes.
The only difference between the two sets of the experiments are the type of the particles,
sPSL and aPSL. In theory, due to the charge type of the two particles, sPSL is expected to
“down”, same as the settling direction, while aPSL is expected to go “up”, the opposite direction.
And the experiments agreed with that. Below is a comparison of microscopic images of particles
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at different time of an experiment, in fluorescent mode. The figure on the left was taken after the
sample was loaded on the microscope, while the one on the right was taken after 5 minutes.

Figure 5-3 100 mM/1.5 M NaCl
Figure 5-4 Same conditions as Figure
solution, with 1 micrometer sPSL particles in 100 5-3 at different time t=5 mins.
mM side at t=0 min. Microscope with 10x lens.

From figures above, it can be seen that the negatively charged particles moved down as
predicted. The same set of experiments with positively-charged amidine particles were also tested, shown
in the figures below.
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Figure 5-5 100 mM/1.5 M NaCl
solution, with 1 micrometer aPSL particles in
100 mM side at t=0 min. Microscope with 10x
lens.

Figure 5-6 Same conditions as Figure 55 at different time t=5 mins.

The aPSL set also agreed with the theory as it can be seen from the figures that particles
moved up a bit ( More bright field and less particle intensity). Due to materials limitation,
experiments with aPSL particles were done using bright field. Fluorescent mode would have
enhanced the clarity and would be necessary for qualitative analysis.
For a certain duration of 5 mins, sPSL particles travel longer distance than aPSL
particles, judging from the images and videos. Two possible explanations for this phenomena
are: 1) aPSL generally have less charge than sPSL, making them less affected by the
electrophoretic effect. 2) If chemiphoretic effect is still not reduced to zero, it could be an
additive effect for sPSL but a reducing effect for aPSL, thus causing different velocities. A
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qualitative study was then performed on sPSL experiment sets to further explore. ImageJ was
used to track the particles movement from the videos taken. A plot was shown below.

Figure 5-7 Plot of sPSL particle velocity versus time. Each sample represent a different experiment. The
velocity is achieved by averaging that of 30 particles. Tracking via ImageJ.

This plot shows some repeatability of the experiment since the velocities do not deviate
by a lot. However, a problem is that the velocity is not reducing enough with time. Due to
diffusion of the solution itself, the original sharp concentration interface would gradually become
uniform. Therefore, the diffusiophoresis is expected to decrease more than what the experimental
results show in ten minutes. After discussion and consideration, we realized this system is not
good enough for a qualitative analysis that is good enough to establish a model. The adding
problem, though reduced, is still causing a considerable effect that will disturb the system.
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Chapter 6
Results and Discussion (Mineral replacement)
As a part of mineral replacement project, one of the question we are trying to answer is
whether the difference in solid to solution ratios would affect the replacement. We tested the
replacement of both KBr in KCl or KCl in KBr for dirrerent solid to solution ratios. The figure
below summarized the results.

Figure 6-1 Rim width vs. solution to solid ratios for both KBr in KCl and KCl in KBr. The S/L ratios are
shown at the bottom left corner.

Note that the time for KBr in KCl is 30 mins and for KCl in KBr is 5 hrs due to the
replacement speed difference and also we want to see incomplete replacement in each case. As
shown form the figure, KBr replacement does not depend on S/L ratios for the time range tested
while KCl replacement depends strongly on it, which is different from what previous researchers
found.
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The second question we try to answer here is does the KCl replacement, in low S/L ratio,
happens slowly, or does it even happen? We took measurement of the replacement rim width for
KCl replacement with different times and S/L ratios. Figure 6-2 below shows the results.

Figure 6-2 Replacement for KCl in saturated KBr solution under 30 hrs. Measurement of
different S/L ratios at different time were taken.
From Figure 6-2, it is clear that the replacement of KCl in KBr still proceeds, but at a
slower rate than the replacement in high S/L ratios. However, the replacement rate and final
replacement amount are both much lower when the ratio equals to 1. The difference does not
become obvious until after 30 minutes to an hour. And the replacement between 2 hours and 30
hours do not change much for the case when S/L=1, indicating that the an overall
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thermodynamic equilibrium has been attained. For all other cases, the replacement rate and
extent are both weakly dependent on S/L ratio.
We also studied how surface area would affect the replacement with different S/L ratio,
shown in the figure below.

Figure 6-3 Effect on the replacement of Crystals with different surface area b, while having the
same volume.

We see that for lower ratio 1, the replaced rim decreases as the surface area increases.
This again indicates that a thermodynamic limitation has reached. While for the case when S/L
ratio =50, the replacement extent does not dependent on the surface area of the crystal, since the
thermodynamic equilibrium has not been reached. The equilibrium point can be estimated using
Lippmann diagrams.
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Conclusion
Diffusiophoresis:
Above, we have established a system for creating a liquid-liquid interface with sharp
concentration gradient for diffusiohphosis study. The system is good for a qualitative analysis by
tracking differently charged particles’ movement direction and approximate velocity. We
conclude that diffusiohphoresis does exist in high salt condition based on Astha’s work that the
zeta potential of polystyrene particles are still finite in saturated salt condition.
However, for a more precise and better controlled experiment, a new system needs to be
established so that we can take quantitative analysis. Future work could utilize computational
approach or some microfluidic device that can further reduce the mixing effect due to adding.

Mineral replacement:
From the experimental results, we can conclude that 1) varying solid to solution ratio
could largely change the replacement extent. 2) KCl cyrstals can be replaced in saturated KBr,
though with a lower magnitude than KBr in saturated KCl. 3) Surface area does not necessarily
control the replacement extent, depending on whether thermodynamic limitation has reached.
Moreover, with the contribution of other people in this project, these findings served as
part of the reasoning to conclude that internal transport is the major limitation for KCl
replacement, while both internal and external transport limit the replacement for KBr crystal.
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