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We have developed a method to measure thermodiffusion and Fickian diffusion in transparent bi-
nary solutions. The measuring instrument consists of two orthogonally aligned phase-shifting in-
terferometers coupled with a single rotating polarizer. This high-resolution interferometer, initially
developed to measure isothermal diffusion coefficients in liquid systems [J. F. Torres, A. Komiya,
E. Shoji, J. Okajima, and S. Maruyama, Opt. Lasers Eng. 50, 1287 (2012)], was modified to mea-
sure transient concentration profiles in binary solutions subject to a linear temperature gradient. A
convectionless thermodiffusion field was created in a binary solution sample that is placed inside
a Soret cell. This cell consists of a parallelepiped cavity with a horizontal cross-section area of 10
× 20 mm2, a variable height of 1–2 mm, and transparent lateral walls. The small height of the cell
reduces the volume of the sample, shortens the measurement time, and increases the hydrodynamic
stability of the system. An additional free diffusion experiment with the same optical apparatus pro-
vides the so-called contrast factors that relate the unwrapped phase and concentration gradients,
i.e., the measurement technique is independent and robust. The Soret coefficient is determined from
the concentration and temperature differences between the upper and lower boundaries measured
by the interferometer and thermocouples, respectively. The Fickian diffusion coefficient is obtained
by fitting a numerical solution to the experimental concentration profile. The method is validated
through the measurement of thermodiffusion in the well-known liquid pairs of ethanol-water (ethanol
39.12 wt.%) and isobutylbenzene-dodecane (50.0 wt.%). The obtained coefficients agree with the
literature values within 5.0%. Finally, the developed technique is applied to visualize biomolec-
ular thermophoresis. Two protein aqueous solutions at 3 mg/ml were used as samples: aprotinin
(6.5 kDa)-water and lysozyme (14.3 kDa)-water. It was found that the former protein molecules are
thermophilic and the latter thermophobic. In contrast to previously reported methods, this technique
is suitable for both short time and negative Soret coefficient measurements. © 2013 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4817682]

I. INTRODUCTION

Thermodiffusion, also called Soret effect, is the diffu-
sion of molecules under a temperature gradient.1, 2 This phe-
nomenon induces a separation of species, as opposed to the
mixing of species that occurs in Fickian diffusion.3–5 Ther-
modiffusion is of great importance in various fields. In the
petroleum industry, for example, thermodiffusion determines
the distribution of hydrocarbon mixtures in oil reservoirs.6 In
biotechnology, thermodiffusion (also called thermophoresis7)
has been proposed as an alternative method to electrophore-
sis for separation of biomacromolecules, such as proteins and
DNA.8 Thermodiffusion also provides information about pro-
teins concerning their molecular size, charge, and hydration
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shell,9 i.e., it has a strong potential for drug screening appli-
cations as well as basic research.10 Therefore, various exper-
imental techniques have been developed with the purpose of
quantifying the Soret effect.11

Most of the measuring techniques have been devel-
oped focusing on transparent binary solutions without the
presence of biomolecules, such as proteins. Several Euro-
pean research groups established the Fontainebleau bench-
mark in a concerted effort to provide reference values for
Soret, diffusion, and thermodiffusion coefficients.11–13 This
benchmark accounts for three binary mixtures formed at
50 wt.% concentration and 25 ◦C temperature by pairing three
organic compounds: 1,2,3,4-tetrahydronaphthalene (THN),
isobutylbenzene (IBB), and dodecane (C12). These com-
pounds were chosen based on their relevance in oil reservoirs.
On the other hand, Iacopini and Piazza14 have conducted
some of the few systematic measurements of thermodiffu-
sion in protein solutions. Piazza et al.15 discussed the physical
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mechanisms underlying thermophoresis in colloidal suspen-
sions and macromolecular solutions, and presented a gen-
eral model suggesting thermophoretic measurements as a sen-
sitive probe of particle–solvent interfacial properties. They
reported the Soret coefficient of hen egg-white lysozyme solu-
tions at different temperature, pH, and ionic strengths. More-
over, some recent studies have focused on thermodiffusion in
ternary mixtures as a first step to clarify its mechanism in mul-
ticomponent systems.16 Hence, it is necessary to develop a
robust experimental technique that is capable of providing in-
sight into macromolecular thermodiffusion in binary systems,
with the aim of a further application in more realistic multi-
component environments.

Even though theoretical correlations have been pro-
posed to predict the thermodiffusion phenomenon,17 complex
molecular interactions have made these approaches a rather
ambiguous approximation to specific molecular characteris-
tics. This is another reason to improve the current experimen-
tal techniques, so that accurate data is obtained for further
theoretical development. All the techniques that have been
developed to measure thermodiffusion can be classified ac-
cording to the heating configuration and the method for mea-
suring concentration. There are two groups regarding the
heating configuration: convectionless methods and methods
with convective coupling.11 Likewise, there are two groups
regarding the concentration measurement method: chemical
analysis and refractive index measurement.

The convectionless methods were the first methods to be
developed (in fact, one of these methods was used by Soret
to discover the thermodiffusion phenomena2). They consist
on placing a binary solution inside a cavity and heating it
such that the denser region of the solution resides on the
bottom of the cell and, thus, creating a hydrodynamic sta-
ble system without convection. Convectionless methods usu-
ally make use of a standard Soret cell, which consists of a
parallelepiped cavity with two horizontal rigid plates made
of a good thermal conductive material, e.g., copper or stain-
less steel. The plates are maintained at different constant tem-
peratures by a thermostatic circulating coolant18 or Peltier
modules,16, 19 the latter becoming the norm in recent years
to achieve accurate and fast temperature control. The solu-
tion is usually heated from above to avoid natural convec-
tion. However, there are ranges of negative Soret coefficients
when heating from below has a stabilizing effect20 in com-
parison to heating from above with the same temperature
difference.

In contrast to convectionless methods, convective cou-
pling methods are those in which the sample is subject to mass
transport due to both natural convection and thermodiffusion.
The Rayleigh-Bénard configuration has been used to deter-
mine the Soret coefficient.21 Thermogravitational column22, 23

is another well-known method where a horizontal heat flux is
applied to the sample. It is still a matter of debate to know
which heating configuration, convectionless or with convec-
tive coupling, is the most adequate to measure Soret coeffi-
cients. Nevertheless, it is clear that in convectionless binary
systems the measurement of the Soret coefficient is straight-
forward after the steady states for mass and heat have been
reached.11

Concerning the measurement method of the concen-
tration, the optical techniques are regarded as the most
accurate,24 providing reliable measurements of the Soret
coefficients.25 All optical techniques use the relation between
the refractive index and the concentration – involving the so
called contrast factors26 – in order to conduct temporal mea-
surements of concentration either in a localized point, e.g., in
the case of the optical beam deflection (OBD) technique, or in
a two-dimensional domain, e.g., in the case of the interfero-
metric techniques. Furthermore, in addition to the probe laser
beam used for concentration measurements, Thermal Diffu-
sion Forced Rayleigh Scattering (TDFRS)27, 28 and thermal
lensing29, 30 make use of a high intensity laser in order to
introduce a temperature gradient within the sample. TDFRS
has been widely used to determine Soret coefficients in poly-
mers and colloids.31–33 Nonetheless, in conventional TDFRS
the use of an additive is required to absorb heat in order to
increase the temperature of the sample, resulting in an unde-
sired contamination that might affect the transport properties
of the species of interest. Therefore, to avoid the drawbacks
of using a third component, techniques with in situ optical
detection coupled with a boundary temperature control sys-
tem have been developed, e.g., OBD13 and interferometric
techniques.20, 34 Even though OBD is one of the most reliable
methods currently available to determine Soret coefficients, it
is a localized measurement that does not take into account any
2D or 3D characteristics of the thermodiffusion phenomena.
In this study, therefore, we have focused on interferometric
techniques in order to deepen our understanding of thermod-
iffusion.

Colombani et al.20 used holographic interferometry to
study hydrodynamic instabilities and the Soret effect in aque-
ous electrolytes. Mialdun and Shevtsova34, 35 developed a
Mach-Zehnder interferometer coupled with an image process-
ing technique based on a fast Fourier-transform36 in order to
obtain a high-resolution phase diagram instead of the conven-
tional interferogram. This method, termed optical digital in-
terferometry (ODI), has drastically increased the accuracy of
the interferometric measurement. ODI was validated with the
Fontainebleau benchmark.19 The technique was subsequently
used to measure thermodiffusion in water-isopropanol mix-
tures in the International Space Station,25 and investigate
the influence of vibrations on the diffusion in liquids.37, 38

In space, ODI from two perpendicular views was used to
follow a component separation �C of less than 1% of its
initial mean value. In these experiments, however, the mea-
surement time is rather long, e.g., about 18 h for the space ex-
periments. A shorter measurement time is desirable, mainly
for three reasons. First, microgravity experiments are costly;
second, conformational changes might occur in biomolecular
solutions altering its Soret coefficient value; third, the exper-
imental conditions are more difficult to control. Furthermore,
in real applications, a smaller amount of sample is also de-
sirable in order to decrease the measurement costs, which in-
crease drastically for rare biomolecules.

On the other hand, our research group has developed sev-
eral temporal phase-shifting techniques in order to determine
isothermal diffusion coefficients in binary solutions.39–42 We
have focused on reducing the measurement time by using a
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counter flow type cell41 and increasing the accuracy of the
measurement by using phase-shifting interferometry.40 Our
most recent work42 makes use of a phase-shifting interferom-
eter coupled to a rotating polarizer in order to conduct ac-
curate measurements of mass diffusion fields. The transient
concentration profiles were then compared by inverse anal-
ysis to a numerical calculation based on Fick’s law in order
to determine the concentration dependency of mass diffusion
coefficients in isothermal conditions. This technique was used
to determine the isothermal diffusion coefficient of seven dif-
ferent proteins in a dilute aqueous medium,43 and was also
used in dilute ternary systems.44

The objectives of this study are twofold:

(1) Modify the interferometric technique in order to mea-
sure Soret coefficients in transparent binary solutions. A
new Soret cell is designed to shorten the measurement
time and reduce the amount of sample, while preserv-
ing its convectionless state. The technique is validated
by comparison with benchmark values.

(2) Use the measurement technique to visualize thermodif-
fusion in protein aqueous solutions. The Soret and Fick-
ian diffusion coefficients are reported.

This experimental technique would provide a new optical
tool to deepen our understanding of biomolecular thermodif-
fusion.

II. EVALUATION METHOD

The Soret coefficient ST in binary systems is defined as

ST = DT

D
, (1)

where DT and D are the thermodiffusion coefficient and
isothermal diffusion coefficient, respectively, which both en-
ter the mass flux equation defined as

JC = −ρD∇C − ρC0(1 − C0)DT ∇T , (2)

where Jc is the mass flux, ρ is the total density, T is the temper-
ature, C is the concentration of the considered component ex-
pressed as the mass fraction (non-dimensional), and C0 is the
mean concentration of one species inside the differential con-
trol volume. The weight factor C0 (1−C0) is associated with
DT to define the constant of proportionality between mass
flux and temperature gradient. The weight factor indicates that
thermodiffusion does not exist in pure fluids, i.e., C0 (1−C0)
= 0, but as a matter of fact the thermodiffusion coefficient DT

usually has a finite value in the infinite dilute region. In con-
trast, D is simply defined as the phenomenological constant of
proportionality between mass flux and concentration gradient.
Each coefficient DT and D is defined in accordance with the
laws of mass diffusion that were discovered in the experimen-
tal works reported by Soret2 and Graham,3, 4 respectively.

If a binary solution is placed inside a Soret cell that has
adiabatic sidewalls and a constant temperature difference �T
between its upper and lower walls, a constant concentration
difference �C between the upper and lower boundaries is
reached after an infinite time when ST �= 0. In this steady state,
the mass flux becomes zero (Jc = 0) and from Eqs. (1) and (2),

the Soret coefficient in a binary system is obtained by

ST = − 1

C0(1 − C0)

�C

�T
. (3)

Here, ST is usually a concentration and temperature de-
pendent thermophysical property with a positive or negative
value. Therefore, Eq. (3) is only valid for small differences
of concentration and temperature. Equation (3) indicates that
ST is positive when the considered molecules migrate to the
cold region, i.e., this species is thermophobic, and ST is nega-
tive when the considered molecules migrate to the hot region,
i.e., this species is thermophilic. In a binary mixture, the two
components have related concentrations and opposite Soret
coefficients. It is then enough to express the results with re-
gard to one of the components, considered as the reference
component. Note that the denser component is often chosen
as reference component. Figure 1 shows a typical stability di-
agram of a binary system45, 46 enclosed in a Soret cell in terms
of the critical Rayleigh number and the Soret coefficient cor-
responding to the denser component. The Rayleigh number is
defined as

Ra = gβh3(Tlower − Tupper )

να
, (4)

where g is the acceleration of gravity, β is thermal expansion
coefficient, h is the height of the cell, ν is the kinematic vis-
cosity, α is the thermal diffusivity, Tlower and Tupper are the
lower and upper boundary temperatures, respectively. With
this choice, Ra is positive when the net heat flux is upward,
i.e., the sample is heated from below. The critical Rayleigh
number Rac indicates the threshold for convection to set in.
As shown in Fig. 1, a stable convectionless state is always
achieved by heating a thermophobic (ST > 0) denser compo-
nent from above (Ra < 0). This situation corresponds to that

ST (denser component)

Rac

0

0

convective 
state

convectionless 
stable state

convective 
oscillatory state 

convective 
state

-Rac0

Rac0

better to heat 
from below Ra

 >
 0

 
Ra

 <
 0

 

ST < 0 ST > 0 

oscillatory threshold

steady threshold

steady threshold

FIG. 1. Sketch of the stability diagram of a binary solution inside a Soret
cell expressed in terms of the critical Rayleigh number Rac as a function
of the Soret coefficient ST of the denser component.45, 46 The configuration
heated from above (Ra < 0) corresponds to the one used in most conventional
convectionless methods to measure the Soret coefficient.
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used in most convectionless methods recently developed.16, 19

However, as indicated in Fig. 1, heating from below (Ra > 0)
creates a more stable state than heating from above for a bi-
nary solution with a thermophilic denser component when |ST|
is sufficiently high. Melnikov et al.47 conducted 3D calcula-
tions on Soret driven instability of convective flows in cavities
heated from above with negative ST.

In this study, we aim to conduct an active control of
the temperature between the upper and lower boundaries of
a Soret cell, i.e., controlling �T, and perform an interfero-
metric measurement of the concentration difference in a solu-
tion between the upper and lower liquid/wall boundaries, i.e.,
measuring �C. The binary solution used in each experiment
is prepared at the desired concentration C0. The Soret coeffi-
cient ST is then determined by substituting �T, �C, and C0 in
Eq. (3).

Furthermore, the mass diffusion coefficient is determined
from the isothermal diffusion experimental phase. The tran-
sient isothermal concentration profile Cexp (z, t), which is
measured with the interferometer, is recorded in order to fit
a numerical calculation based on Fick’s law Ccal (z, t) to this
experimental result; here, z is the coordinate in the direc-
tion of the heat flux inside the Soret cell (vertical direction).
The fitting process, conducted by inverse analysis, yields the
Fickian diffusion coefficient of the binary solution at an
isothermal temperature Tm and mean concentration C0. The
objective function δ is defined as the area between Cexp (z, t)
and Ccal (z, t) and is written as

δ(Dcal) =
k∑
i

|Cexp(zi, tref ) − Ccal(zi, tref ,Dcal)|�z, (5)

where Dcal is the isothermal diffusion coefficient used in the
numerical calculation, tref is the reference time, �z is the ver-
tical distance between two neighboring pixels, and k is the
total number of pixels in the mass flux direction. The nu-
merical calculation uses the experimental concentration pro-
file Cexp (z, tini), where tini < tref, as initial condition. Since
the objective function is unimodal, a simple one-dimensional

search can be executed to minimize δ and, thus, determine the
isothermal diffusion coefficient D. In this study, we used the
golden section search to minimize Eq. (5). The thermodiffu-
sion coefficient DT can then be determined by substituting ST

and D in Eq. (1).

III. EXPERIMENT

A. Experimental apparatus

A new experimental setup was designed to study ther-
modiffusion in transparent liquid systems. The instrument
consists of two main parts: the Soret cell where the thermod-
iffusion field is created, and the optical system that is used to
measure transient concentration profiles.

1. Soret cell

The Soret cell designed in this study is shown in Fig. 2.
The binary solution is placed inside a rectangular par-
allelepiped cavity with a horizontal cross-section area of
10 × 20 mm2 and a variable height of 1–2 mm, as shown
in the lateral and horizontal cross-section views in Figs. 2(b)
and 2(c). The upper and lower boundaries are made of copper,
which has a high thermal conductivity so that a rapid temper-
ature control is achieved. The lateral walls are made of quartz
to allow the passage through the sample of two orthogonal
laser beams, i.e., test beams L1 and L2. The optical setup is
described in Sec. III A 2.

A standard quartz cell with high optical quality (Fine
Inc., W × L × H = 10 × 20 × 45 mm3) was cut into a bottom-
less four-sided quartz glass that was subsequently clamped
between two thermostabilized copper blocks, as shown in
Fig. 2(a). The quartz glass is attached to the copper blocks
by a thermoplastic adhesive that can be removed after finish-
ing the experiment. This avoids leaks and allows the detach-
ment of the quartz part for cleaning and further use. More-
over, two holes of 1 mm in diameter were drilled near the
edges of the cell with a double purpose: to inject the binary

(c)

Test 
beam, L2 

20 mm

10
 m

m

Quartz 
glass 

Te
st

 
be

am
, L

1 

Holes for 
thermocouples 

g

Peltier 
modules 

Copper 
blocks 

Quartz 
glass 

(a)

L2 

L1 

(b)

Peltier modules

Copper

Copper

Binary 
Solution

Thermo- 
couples

1-
2 

m
m

Heat sink 

Test 
beam, L1

Peltier modules
g

thermoplastic 
adhesive

FIG. 2. The Soret cell where the binary solution is injected. (a) Three-dimensional model of the cell, (b) its lateral cross-section, and (c) a horizontal cross-
section view of the cavity where the sample is placed. The lateral walls of the cell are transparent to allow the passage of two orthogonal test beams. The
temperature control of the upper and lower copper boundaries is conducted by Peltier modules integrated to a PID system. Two holes were drilled in a quartz
wall to fill the cavity with the solution while avoiding bubbles, and to introduce the thermocouples in order to measure the temperature just at the copper/liquid
boundary.
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solution, and to introduce the thermocouples that are used to
measure the temperatures of the upper and lower boundaries
inside the cell. In order to avoid bubbles, the binary solution
is injected through one hole using a micro-syringe (Hamil-
ton Company, 500 μm) while removing the air from the other
hole; this procedure is conducted with the cell turned 90◦ with
its holes facing upwards to facilitate the exit of air. It is im-
perative that the binary solution entirely fills the cell without
leaving any bubbles; a small bubble could grow within the
cell due to evaporation of the solvent into the surrounding air
through the glass holes, blocking the optical beam used in
the measurement. In any case, the cell is sealed with a ther-
moplastic adhesive to avoid contact with the surrounding air
in experiments using highly volatile liquids, such as ethanol,
because an open cell might also result in undesired concen-
tration gradients near the free boundaries due to evaporation.
On the other hand, it is not necessary to seal the cell when
the binary solution has low volatility, as in the case of diluted
protein aqueous solutions. Not sealing the cell guarantees that
the pressure inside the cavity is kept at atmospheric pressure
regardless of the thermal expansion of the liquid and its cell
boundaries. Nevertheless, the effects of the thermal expansion
are negligible in these experiments because the temperature
difference is small. A large temperature difference would not
only affect the hydrostatic pressure, but might also result in a
rupture of the quartz walls due to the thermally induced stress.

Mialdun and Shevtsova19 took extra precautions to avoid
bubbles by degassing the sample. They used a degasser de-
signed for solvents in high performance liquid chromatogra-
phy (HPLC) applications. In this study, the use of a degasser
is less relevant because the measurement time is about 1/10 of
that reported in the experiments of Mialdun and Shevtsova19

a. Rapid temperature control. The temperature control
of the upper and lower boundaries is conducted by a single
computer-driven PID system, enabling temperature stability
of ±0.01 K. Takeda et al.48 used a similar PID setup in a cry-
oprobe that is used in safe and reliable cryosurgery. The tem-
perature at the copper/liquid boundaries inside the Soret cell
is measured by T-type thermocouples. These were calibrated
inside iced water at 0 ◦C. The PID system controls the mean
temperature Tm within the cell and the temperature difference
�T between the upper and lower copper/liquid boundaries.
Figure 3 shows the temperature control at the boundaries for
a typical thermodiffusion experiment. Here, Tm = 25 ◦C, �T
= 5 ◦C, and the distance between the copper walls is set to h
= 2 mm. The resulting overshoot δT′ and settling time ts for
these conditions are 0.71 ◦C and 44 s, respectively.

The type of heat sink used determines the controllable
temperature range of the Peltier modules. Coolant exchangers
are preferable as a heat sink for large temperature differences
or a long experimental time.19 The use of liquid nitrogen as
a heat sink is the best choice for temperatures lower than
0 ◦C.48 In this set of experiments, standard fins were employed
since the temperature ranges inside the cell are within ±5 ◦C
of the room temperature Troom and the experimental time is
within a couple of hours. The use of fins as heat sink pro-
vides a simple setup without moving components that might

upper 
boundary

lower 
boundary

ts

T

TTm

FIG. 3. PID temperature control at the copper/liquid boundaries. The tem-
perature is measured just at the liquid interface by extra thin T-type ther-
mocouples. The temperature control for the upper and lower boundaries is
simultaneously performed to set a constant temperature difference �T and a
mean temperature Tm. The overshoot δT′ and settling time ts depend on PID
gains chosen in the control routine.

affect the optical measurement, which is very sensitive to
vibrations.

b. Design parameters. Similar Soret cells to that shown
in Fig. 2 have been used in interferometric measurements.
Colombani et al.20 used a cell with cavity dimensions of
W × L × H = 10 × 10 × 30 mm3; Mialdun and Shevtsova19

used a cell with dimensions W × L × H = 22 × 22 × 6.3
mm3. However, the measurement time reported by these re-
search groups was around 200 h and 15 h, respectively. The
characteristic measurement time τ of the thermodiffusion ex-
periment is bound to the strength of the Fickian diffusion
(isothermal diffusion coefficient D) and to the diffusion length
h as follows

τ = h2

π2D
. (6)

Therefore, decreasing the height of the cell h would
drastically reduce the measurement time for a given Fick-
ian diffusion coefficient. Equation (6) also indicates that for
macromolecules, which have a smaller D as predicted by the
Stokes-Einstein equation, the measurement time increases.
This makes the measurement of thermodiffusion in biological
systems a more difficult task since most biomolecules, such
as proteins, are macromolecules with a diffusion coefficient
in the order of 10−10–10−11 m2/s. Furthermore, as indicated
by Eq. (4), decreasing h would drastically increase the sta-
bility of the system while preserving the heating-from-above
configuration (Ra < 0). This is of particular importance in
measurements where the sign of the Soret coefficient is un-
known. Therefore, for our measurements in protein solutions,
it is important to choose a cell with a small height. Such cell
bears more resemblance to those cells used in OBD studies,
as in the experiment described by Königer et al.16
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In this study, we focus on designing a Soret cell with a
short height within the optical constrains. The small height h
reduces the sample volume (V olume ∝ h), shortens the mea-
surement time (τ ∝ h2, see Eq. (6)), and increases the hy-
drodynamic stability of the system (Ra ∝ h3, see Eq. (4)).
The optical problems related to a short h will be further
discussed.

2. Orthogonal phase-shifting interferometry

The optical system consists of two orthogonally aligned
Mach-Zehnder phase-shifting interferometers; the technique
is, therefore, termed orthogonal phase-shifting interferome-
try (OPSI). Two independent beams with the same wave-
length permit different sensitivities, which are determined by
the optical path (OP) inside the cell (see Fig. 2). The sen-
sitivity of the interferometers may also be varied by chang-
ing the laser wavelength.16 We have previously used a sin-
gle phase-shifting interferometer to visualize diffusion fields
in isothermal conditions.42 The phase-shifting technique was
previously validated by measuring the concentration depen-
dence of the diffusion coefficient in two well-known binary
systems, NaCl-water and sucrose-water at 25 ◦C. A brief de-
scription of the modified interferometric layout, the real-time

image processing, and the post experimental image process-
ing is presented in the following.

a. Interferometric layout. The interferometric layout
is shown in Fig. 4. This optical device was built on
a high-performance vibration isolation system (Herz Co.,
TDI-2010LAY) and placed inside an enclosed room envi-
ronmentally controlled at room temperature Troom (±0.5 ◦C
uncertainty) and low humidity. For a quasi-one-dimensional
phenomenon, such as the diffusion and thermodiffusion fields
created in this study, only one interferometric view would suf-
fice. However, the introduction of an additional interferome-
ter allows us to have two different optical paths for the test
beams within the Soret cell, and thus, different sensitivities
can be selected in order to visualize two different phenomena
such as heat conduction and mass diffusion. In this study, both
interferometers are used to visualize mass diffusion. The in-
terferometer with the laser beam L1 is used during the thermo-
diffusion phase (�T �= 0), while the interferometer with the
laser beam L2 is used during the isothermal diffusion phase
(�T = 0).

Two Helium-Neon laser beams (L1- Newport Corp.,
λ = 633 nm, 5.0 mW, and L2- Neoark Corp. λ = 632.8 nm,
7.0 mW) are linearly polarized by polarizers inclined by π /2
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FIG. 4. Two orthogonally aligned phase-shifting interferometers. The polarization state of light is shown for each segment. The Soret cell is placed inside the
interferometer to visualize thermodiffusion and isothermal diffusion from two orthogonal directions. The lower right inset shows the rotating polarizer, which
is synchronized with the CCD camera in order to take interferograms at angle and time intervals of �θ = 2π /3 and �t = 1/30 s, respectively.
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with respect to the horizontal. The intensity of each laser
beam is adjusted using ND filters. Here, an independent
intensity adjustment for each beam is necessary in the case
the interferometers have different magnifying rates, laser
power output, or CCD cameras. The beams are then expanded
with spatial filters (Sigma-Koki Inc.) and collimated with
convex lenses. Polarizing beam splitters (PBS) (Newport
Corp. 10BC16PC.4) are then used to split the beams into a
test beam and a reference beam with orthogonal polarization
state. The test beams from lasers L1 and L2 have horizontal
and vertical linear polarization, respectively; whereas the
reference beams from lasers L1 and L2 have vertical and hor-
izontal linear polarization, respectively. The polarization state
of light for each segment of the interferometer is indicated by
the square insets in Fig. 4. Each set of test beam and reference
beam are then combined by another PBS and focused on a
CCD camera (Hamamatsu Inc. C3077-70) by convex lenses.
After the second PBS, the relative polarization angle between
the beams is π /2. In order to make these beams interfere, a
quarter-wave plate is placed after each focusing lens. Here,
the extraordinary axis of the quarter wave-plate is inclined by
π /4 with respect to the horizontal, such that this inclination
is between the linear polarization states of the test beam and
reference beam. Therefore, both beams become circularly
polarized with opposite handedness, i.e., for L1 (L2), the
reference (test) beam is clockwise circularly polarized, while
the test (reference) beam is counter-clockwise circularly
polarized, as shown in the detailed circular polarization state
in Fig. 4. At this point, only a partial linear interference
occurs since the beams still have orthogonal components. In
order to filter the light in a single linear direction to achieve
complete interference, a polarizer is placed with an angle θ

just before the CCD cameras. The cameras acquire an image
similar to that of a typical interferogram. A single polarizer
in disk-form with diameter of 130 mm was used to polarize
both interferometric beams.

In this setup, the phase-shifting technique requires that
the incident ray of light charges the same capacitor (sensor) of
the CCD array at any rotating angle θ . Therefore, it is crucial
that the rotating polarizer is as perpendicular as possible to the
incident beam. Moreover, placing the CCD sensor as close as
possible to the rotating polarizer is also a crucial factor be-
cause it reduces the beam displacement in an exiting tilted
beam. In addition to this optical problem, a poor alignment of
the polarizer generates undesired vibrations that might affect
the highly sensitive optical system. Hence, in order to obtain
a well-aligned setup that is free of vibrations, it is imperative
that the polarizer is placed with its center of mass aligned to
the axis of the stepper motor while preserving its perpendicu-
larity to the optical axis and closeness to the CCD sensor.

b. Real-time image processing. A high-resolution phase-
shifted data is acquired in real-time by conducting an image
processing technique and synchronizing the rotation of the
polarizer with the frame rate of the CCD camera, as shown in
the lower right inset of Fig. 4. The frame rate of the CCD cam-
era is 29.97 fps with a 640 × 480 pixel resolution; the polar-
izer is then rotated at an angular speed of 20π rad/s by using a
five-phase stepper motor (Oriental Motor Co., RK569AMA).

Therefore, the interferograms are taken at relative angles of
�θ = 2π /3 and time intervals of �t = 1/29.97 s. Three con-
secutive interferograms, as shown in Fig. 5(a), are used to ac-
quire the phase-shifted data.

In this study, a temporal phase-shifting technique is
employed.49 We have chosen a three-bucked technique50 with
an angle between intensity readings of 2π /3. The phase-
shifting equation is

ϕ = arctan

(√
3

I2 − I3

I2 − 2I1 + I3

)
, (7)

where ϕ is the phase shift between the reference beam and
the test beam, I1, I2, and I3 are the intensities of light detected
by the CCD sensor at rotating polarizer angles of θ ini, (θ ini

+ 2π /3), and (θ ini + 4π /3), respectively. Because of the na-
ture of the arctangent function, Eq. (7) is a modulo π calcula-
tion. To determine the phase modulo 2π , the signs of sin ϕ and
cos ϕ must be examined to adjust the phase (see page 366 in
Ref. 50). Figure 5(a) shows the raw interferogram intensities
I1, I2, and I3 and the derived phase-shifted data, which is also
called wrapped phase map ϕ(x, y). Equidistant and parallel
phase-shifted data suggests that the wavefront of the test beam
is planar. Furthermore, the tilt of the mirrors M1 and M4 (see
Fig. 4) can be adjusted to achieve the infinite fringe condition,
which corresponds to parallel wavefronts of the test beam and
reference beam for each laser beam L1 and L2.

The detailed derivation process of Eq. (7) is described
in the Appendix. Its comprehension is essential to understand
the concept of the temporal phase-shifting interferometry pro-
posed in this study and its measurement limitations. Here, the
phase shift ϕ is assumed to be constant within three consec-
utive interferograms. Therefore, this technique is only appli-
cable to measure steady state phenomena or slow phenomena
where �t/τ � 1, i.e., the time resolution of the phase-shifted
data (3 × �t) is much shorter than the characteristic time of
the measured physical quantity, e.g., τ in Eq. (6). The phase-
shifting equation is then applied to the whole pixel domain (x,
y), and its results are displayed in quasi-real-time in an exter-
nal monitor with a time lag of 0.1 s. The phase-shifted data
are stored with the purpose of further image processing after
the experiment has finished.

c. Postexperimental image processing. One of the most
important advantages of digital interferometry is the sup-
pression of the optical defects of the apparatus, e.g., possi-
ble defects found in the mirrors, prisms, or Soret cell walls.
This same advantage is found in the more conventional holo-
graphic interferometry,51 where the defects are suppressed by
initially recording the interference pattern of the test beam
and reference beam in a holographic plate, and then illumi-
nating the same plate only with the test beam. In contrast, in
digital interferometry an initial phase-shifted data is recorded
with the Soret cell filled with a liquid of constant refractive
index (i.e., homogeneous liquid without temperature or con-
centration gradients), which will be subsequently subtracted
from the phase difference acquired during the thermodiffusion
experiment.

The phase-shifted data shown in Fig. 5(a) are obtained
without placing the Soret cell in the test section. The parallel
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FIG. 5. Image processing of the interferograms in (a) quasi-real-time, and (b) post-experimental treatment. In the quasi-real-time image processing, three
consecutive interferograms I1, I2, I3, are treated with the phase-shifting equation, i.e., Eq. (7), in order to obtain the phase-shifted data ϕ(x, y), which is also
called wrapped phase map. An infinite fringe condition is achieved by adjusting the tilt of mirrors M1 and M4 (see Fig. 4). However, the infinite fringe condition
may not be achievable when placing the Soret cell in the test section due to possible optical defects of the quartz walls. These optical defects are translated into
the unwrapped phase map that is a measurement of the deformed wavefront, as shown in (b). The unwrapped phase difference may be later used as background
to obtain the real thermodiffusion field.

and equidistant fringes of the phase-shifted data indicate that
there are virtually no deformations in our interferometric
setup. However, the phase-shifted data shown in Fig. 5(b) in-
dicates that the wavefront is curved when placing the Soret
cell in the test section of the interferometer. Here, the cell is
filled with a binary solution maintained at constant temper-
ature and concentration (i.e., constant refractive index). The
curved wavefront is, therefore, produced solely by the defor-
mation of the quartz walls.

Figure 5(b) shows the unwrapped phase difference
ψ(x, y) that is obtained from the wrapped phase-shifted data
ϕ(x, y). This phase difference is an accurate measurement of
the deformed wavefront. Furthermore, the initial unwrapped
data are subtracted from the unwrapped data acquired dur-
ing the thermodiffusion experiment in order to suppress the
phase difference caused by the optical defects in the apparatus
(including those of the quartz walls). This process yields the
phase difference due to the refractive index variations caused
solely by temperature and concentration gradients within the
cell.

B. Thermodiffusion experiment

The measurement method of thermodiffusion coeffi-
cients is first validated by using two binary solutions well-
reported in the literature: ethanol-water (ethanol 39.12 wt.%)
and isobutylbenzene-dodecane (50.0 wt.%), the second so-
lution being one of the three binary solutions used in the
Fontainebleau benchmark.11 The technique is then applied to
two diluted protein aqueous solutions at 3 mg/ml and 25 ◦C:
aprotinin (6.5 kDa)-water and lysozyme (14.3 kDa)-water.
The lysozyme solution has been studied by Piazza et al.15 at
concentration 10 mg/ml for different temperatures, pH, and
ionic strengths. The Soret coefficient of the diluted lysozyme
species is expected to be positive and close to zero at pH = 7
and T = 25 ◦C.

The binary solutions were prepared at a room tempera-
ture Troom = 25 ◦C. The concentration in the first two binary

solutions is expressed in units of weigh percent [wt.%] be-
cause each component is liquid in its pure form at Troom. On
the other hand, the units of concentration [mg/ml] are pre-
ferred in the case of the proteins solutions due to the solid state
of the pure proteins at Troom. Protein molecules are known
to fold when dissolved in water.52 The resulting molecular
structure is defined by the ionic strength of the solution and,
therefore, the diffusion coefficient is dependent on the ionic
strength. Even though the thermophoretic mobility is a com-
plex function of the surface particle potential and solution
ionic strength,7 we have chosen to use two protein aqueous
solutions in their highly aqueous diluted form as a first step to
observe thermodiffusion of biomacromolecules.

Table I shows the name of the components used and their
corresponding molecular mass, density (for those components
in pure liquid form), and supplier with its lot number. All so-
lutions were prepared in a sealed environment to avoid vari-
ation of the concentration due to vaporization. The proteins
were diluted in distilled water and used in the delivered crys-
talized form without any further purification.

1. Preliminary measurements

Although a phase map resulting from refractive index
variations due to concentration gradients is obtained with
the optical system described above, we still need the cor-
responding �ψ /�C ratio to obtain the concentration pro-
file within the cell. Hence, preliminary measurements of the
∂ψ/∂C ratio are required. In the OBD studies, the ratio ∂n/∂C

is used to couple the optical measurements with the con-
centration; here, n is the refractive index. This ratio is usu-
ally termed contrast factor. Likewise, the ratio ∂n/∂T also be-
comes relevant in non-isothermal experiments, such as in
thermodiffusion experiments, because the refractive index is
a temperature-dependent property. Nonetheless, the effects
of ∂n/∂T on the wavefront can be optically suppressed in a
thermodiffusion field where the temperature profile is linear
within a small temperature difference. Therefore, in our set
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TABLE I. Components used in the four liquid pairs and the corresponding molecular mass and density (at 25 ◦C) of each pure liquid. Distilled water, dodecane,
and isobutylbenzene are abbreviated as H2O, C12, and IBB, respectively. The lot number and the suppliers, Wako Pure Chemical Industries (Wako), Ltd. and
Sigma-Aldrich Co. (Sigma), are indicated. The proteins were supplied in crystalized form and, therefore, their density is omitted.

Component Molecular mass (kDa) Density (mg/ml) Lot no. (supplier) Paired with

Ethanol 0.046 787 DCN6248 (Wako) H2O
Isobutylbenzene (IBB) 0.134 853 BCBF2767 (Sigma) C12
Dodecane (C12) 0.170 780 DCM1071 (Wako) IBB
Aprotinin from bovine lung 6.5 . . . 058K7024 (Sigma) H2O
Lysozyme from chicken egg-white 14.3 . . . 061M1328V (Sigma) H2O

of experiments only the ∂ψ/∂C ratio is required to measure
the two-dimensional concentration field. The phase difference
variation �ψ is linearly related to the refractive index varia-
tion �n as follows:

�n(x, z) = λ

2πL
�ψ(x, z), (8)

where L is the optical path in the liquid and λ is the wave-
length of the laser beam (fixed to λ = 632.8 nm in the cur-
rent optical setup). The variation of the refractive index �n in
Eq. (8) includes the contributions from both temperature and
concentration19 when neither contribution is optically sup-
pressed. The contribution of pressure is neglected since the
pressure inside the cell is constant.

In spite of the importance of the contrast factors ∂n/∂C,
most measurements of thermodiffusion rely on contrast fac-
tors that are reported in the literature, while other studies de-
velop independent measurement methods. In this study, we
aim to conduct the Soret coefficient measurement with the
same optical instrument through two experiments, providing
a robust and independent measurement apparatus. Here, in-
stead of the conventional ratio ∂n/∂C, we measure the contrast
factors ∂ψ/∂C with the phase-shifting interferometer.

The measurements of the contrast factors is done through
isothermal diffusion experiments initially developed to deter-
mine isothermal mass diffusion coefficients.42 In contrast to
our previous work, the measurement of Fickian diffusion co-
efficients is relegated to a secondary objective.

a. Contrast factors. A detailed explanation of the
isothermal diffusion experiment is found in the literature.42

The same kind of experiment is performed to measure the
contrast factors. In this section, important information con-
cerning the data analysis is provided in addition to the one
previously reported.42

In this set of experiments, a convectionless diffusion field
is created by placing a lighter solution over a denser solution
inside a diffusion cell and, as a consequence, a mass diffu-
sion field triggered by concentration gradients is created. If
the diffusion cell is transparent in its four lateral sides, the
visualization of the diffusion field with OPSI is then possible.

Figure 6(a) shows the unwrapped phase shift between the
lower and upper boundaries in an isothermal diffusion experi-
ment using the binary system NaCl-water (�C = 4 mg/ml,
Cmean = 2 mg/ml). The insets show the phase-shifted data
acquired at each corresponding time. The lower and upper

9.
37

 m
m z

2 mm

FIG. 6. Determination of �ψ /�C for a dilute NaCl solution. (a) The un-
wrapped phase diagram obtained from the phase-shifted data shown in the
insets. The phase diagram profile ψ is the unwrapped data averaged in the
horizontal direction perpendicular to z. (b) The phase difference �ψ between
the upper and lower boundaries. The phase difference �ψ averaged in time
is then divided by the concentration difference to obtain the ratio �ψ /�C.
This value is used in the thermodiffusion experiments to determine the con-
centration profile within the Soret cell.
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visible boundaries at z = −4.59 mm and z = 4.78 mm, re-
spectively, are immersed, i.e., Fickian diffusion through these
boundaries can occur. The lateral vertical boundaries are im-
permeable. The data was averaged in the horizontal direction
(isoconcentration direction perpendicular to z) after unwrap-
ping. The intensity gradients between fringes in the phase-
shifted data indicate that the phase difference is increas-
ing with the vertical position z. Furthermore, the unwrapped
phase shift profiles do not perfectly intersect at the center be-
cause the intensity of the phase-shifted data in the homoge-
nous lower part of the solution varies at different times. This is
due to temporal accumulative errors of the phase-shifting im-
age processing. The proper boundary conditions are thus re-
quired in order to obtain the concentration profiles from each
phase-shifted data. The phase difference between the lower
and upper immersed boundaries of the unwrapped phase shift
is shown in Fig. 6(b) as a function of time. The phase dif-
ference remains almost constant with a positive value �ψave

= (21.58 ± 0.12)π since there is no mass transport through
the upper and lower observation limits, which correspond to
immersed boundaries. If the fringes reach the upper or lower
extremes, then there is diffusion through the corresponding
immersed boundaries and, as a consequence, the phase dif-
ference �ψ is reduced. A homogenous solution is obtained
when the experimental time tends to infinite, i.e., �ψ be-
comes zero. The transient concentration profile within the cell
is obtained by introducing the corresponding concentration
difference to each profile shown in Fig. 6(a).

In the trial experiment shown in Fig. 6(a), the average
phase difference per units of concentration deduced from
Fig. 6(b) is �ψave/�C = −(5.394 ± 0.03) π [rad ml mg−1].
Moreover, the phase shift between the reference and test
beams is directly proportional to the optical path (OP) within
the cell for a constant refractive index. As a consequence, the
phase difference between the upper and lower boundaries is
also directly proportional to the OP. In this study, we charac-
terize the influence of the concentration difference (�C) and
the OP (L) on the refractive index by using the following con-
trast factor:

η = �ψ

�C L
. (9)

In the case of the trial experiment shown in Fig. 6(a), η

= −(0.539 ± 0.003) π [rad ml mg−1 mm−1]. The units for the
concentration could be either [mg/ml] or [wt.%] depending
on the type of the components involved. Substituting �ψ in
Eq. (8) yields

(
∂n

∂C

)
p,T

= λη

2π
. (10)

In our measurement system, the temperature contribution
to the refractive index is optically suppressed by a simple ad-
justment of the reference mirror (see Sec. II) and, therefore,
only the contribution due to the concentration difference is
considered in Eq. (10).

b. Fickian diffusion coefficient from a free diffusion exper-
iment. The initial purpose of these isothermal diffusion ex-

periments was to measure the Fickian diffusion coefficients,
which are determined by minimizing Eq. (5). In this study, the
technique is used mainly to measure the contrast factor η. The
Fickian diffusion coefficient, however, can also be determined
for comparison with that obtained in the thermodiffusion ex-
periment.

2. Experimental procedure

The experimental procedure is divided into five steps.
First, (a) the Soret cell is placed in the test section of the
optical system and the mirrors of both reference beams are
adjusted to obtain the infinite fringe condition in each inter-
ferogram. Then, the thermodiffusion field is initiated by (b)
setting a temperature difference between the upper and lower
copper/liquid boundaries, which leads to a linear temperature
profile within the cell in less than one minute. Next, (c) the
fringes obtained due to the linear temperature profile are sup-
pressed in one of the interferometers by adjusting its reference
mirror. The most important measurement of the experiment
is done by (d) recording the phase-shifted data until a linear
concentration profile is reached within the cell, i.e., the inter-
ferogram fringes become equidistant. Finally, (e) the temper-
ature difference within the cell is set to zero to visualize the
isothermal diffusion. An explanation of each step is given.

a. Placement in the optical system of the Soret cell filled
with the binary solution. The Soret cell (see Fig. 2) is com-
pletely filled with a binary solution and then placed in the test
section of the orthogonal phase-shifting interferometer (see
Fig. 4). The cell is aligned so that the incidence of the test
beams is normal to the quartz walls. After placing the cell, the
real-time phase-shifting image processing is started in both
interferometers. The phase-shifted data is brought to an infi-
nite fringe condition by adjusting the mirrors of the reference
beams M1 and M4 (see Figs. 4 and 5); it is recommended to
fix the test beam mirrors M2 and M3 in order to guarantee the
perpendicularity of the incident beams.

b. Induction of thermodiffusion within the cell. The ex-
periment is initiated by creating a temperature difference be-
tween the upper and lower copper/ liquid boundaries. Since
the Lewis number for binary liquid systems is usually in the
order of 102, the temperature field within the cell reaches
a steady state much faster than the concentration field. The
Lewis number for dilute aqueous aprotinin (6.5 kDa) and
lysozyme (14.3 kDa) is about 5.6 × 102 and 3.2 × 102, re-
spectively. Here, the thermal diffusivity of pure water at 25 ◦C
was taken as 1.4 × 10−7 m2/s and previously reported mass
diffusion coefficients43 were used to compute the Lewis num-
ber. Therefore, when applying a temperature difference of �T
within a two-millimeter spacing, it takes only about 15 s for
the temperature to reach a linear profile in water (within 1%
of the initial temperature difference), whereas more than one
hour is required for the protein molecules to reach a quasi-
steady state within the cell.

c. Elimination of the fringes due to the linear temperature
profile. In the first couple of minutes of the experiment, the
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linear temperature profile formed within a 1–2 mm height cell
creates a linear refractive index profile. Thermodiffusion is
much slower than heat conduction and, therefore, the refrac-
tive index is almost linear in the vertical direction. Immedi-
ately after the linear temperature profile is achieved, the tilt of
the mirror M1 is adjusted to optically suppress the influence of
the temperature on the interferogram. The inclination adjust-
ment is done manually within 25 s. The reference beam mirror
(M1) is adjusted instead of the test beam mirror (M3) to keep
the incident test beam perpendicular to the quartz glass. The
thermodiffusion effect is only observed with the first interfer-
ometer (with L1 as light source), i.e., the mirror M4 remains
fixed and unadjusted. The process of suppressing the fringes
due to ∂n/∂T is the same as that shown in Fig. 5(a), in which
the mirrors M1 and M4 are adjusted so that the wavefronts
of the test beam and reference beam become parallel to each
other, i.e., the necessary condition to obtain an infinite fringe
interferogram.

d. Visualization of the Soret effect – Thermodiffusion phase.
The phase-shifted data from the first interferometer is visual-
ized in an external monitor and is stored every 1 s for postex-
perimental image processing. The high-resolution visualiza-
tion of the Soret effect is the main contribution of this study.
This measurement continues until the fringes of the phase-
shifted data (or interferogram) reach an equidistant state.

e. Visualization of Fickian diffusion – Isothermal diffusion
phase. After linear concentration and temperature profiles
within the cell are reached, the temperature difference be-

tween the copper/liquid boundaries is brought to zero and the
temperature of the cell is set to the room temperature. Here,
the second interferometer (with L2 as light source) is used to
visualize isothermal diffusion. The recording process contin-
ues until the fringes in the phase-shifted data disappear.

After culminating the five steps (a)–(e) mentioned above,
the thermodiffusion and isothermal diffusion phases can be
indefinitely repeated with the first and second interferometric
setups, respectively, without the need of readjusting the refer-
ence mirrors while applying the same temperature difference
between the upper and lower copper/liquid boundaries.

IV. RESULTS AND DISCUSSION

A. Contrast factors

Figure 7 shows an isothermal diffusion experiment con-
ducted with the ethanol-water binary solution. The lighter
ethanol-water solution (ethanol 39.49 wt.%) is placed over
a denser solution (ethanol 37.55 wt.%) inside a four-side
transparent diffusion cell (Fine Inc. W × L × H = 2 × 10
× 45 mm3). The diffusion process is observed with OPSI (see
Fig. 4). The direction of each test beam in relation with the
position of the cell is shown in Fig. 7(a); the correspond-
ing cell dimensions and system of coordinates are also in-
dicated. In this setup, the optical path within the diffusion
cell for the test beam L2 is five times larger than for L1
and, therefore, the resolution for the measurement conducted
with the former is five times better than that conducted with
the latter. Figures 7(b) and 7(c) show the phase-shifted data
obtained by using the interferometers with light source L1
and L2, respectively. For L1, the spatial visualization range is
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FIG. 7. Isothermal diffusion of ethanol-water solution at ethanol mean concentration Cm = 38.52 wt.% and �C = 1.94 wt.%. (a) The upper view of the
diffusion cell with its dimensions, the direction of each test beam, and the coordinate system. (b) The diffusion process observed with the test beam L1
(OP 2 mm). (c) The diffusion process observed with the test beam L2 (OP 10 mm). The phase difference between the upper and lower boundaries is taken after
t = 45 s. The vertical positioning of the diffusion cell is adjusted until t = 85 s.
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W × H = 1.05 × 2.92 mm2 and the surrounding visualization
boundaries are immersed surfaces. For L2, the visualization
range is W × H = 2 × 2.84 mm2 with its width corresponding
to the length of the cell (L = 2 mm), i.e., the lateral boundaries
are impermeable walls while the upper and lower boundaries
are immersed.

At t = 0 s, the lighter solution is put in contact with
the denser solution. The part of the cell that still has air is
only visible with the beam L1 because the meniscus at the
corners of the cell blocks the beam L2. At t = 10 s, the
diffusive region is thin and clearly visible with L1 but not
with L2, where it appears thicker; this is due to the influ-
ence of the initial meniscus and the non-one-dimensionality
of the diffusive field within the cell. At t = 20 s, the ver-
tical positioning of the cell is adjusted so that the diffusion
process view is centered. The diffusion area is delimited by
the lower and upper fringes, as indicated by the rectangles
at t = 10 s and 20 s in Fig. 7(b). This means that the ar-
eas with the same phase shift (below the lower fringe and
above the upper fringe) indicate a homogeneous concentra-
tion area and, as a consequence, there is no Fickian diffusion
because ∂C/∂x = 0. At t = 45 s, the diffusion field at the cen-
ter is quasi-one-dimensional and, therefore, it can be used
to determine the phase difference between the boundaries
(�ψ); here �ψethanol-water = 18.74 π . However, at t = 50 s
we can see with L2 a bulk of heavy solution falling near the
right wall. This is due to a mistake in the injection proce-
dure and is a cause of error in the measurement of the diffu-
sion coefficient. In the isothermal diffusion experiments, only
the data obtained by L2 is used because a higher resolution
is obtained with this interferometer (the number of fringes is
proportional to the resolution in the concentration domain).
At t = 85 s, the vertical position of the cell is fixed, so that
the phase-shifted data after t = 85 s can be used to deter-
mine the diffusion coefficient from the transient concentration
profiles.

Figure 8 shows the optical measurements obtained from
the phase-shifted data shown in Fig. 7(c). Figure 8(a) shows
the phase difference profile between the test and reference
beams obtained by unwrapping the phase-shifted data inside
the region indicated by the rectangles after t = 45 s, averag-
ing at each height z, and shifting the curves in the phase differ-
ence domain assuming that there is an equal mass flux through
both boundaries. The adjustment in the phase difference do-
main is necessary since the unwrapping alone produces time-
unrelated phase difference profiles for each phase-shifted
data, such as the one shown in Fig. 6(a). The data near the wall
boundaries should be avoided until the diffusion field within
the cell has reached a completely one-dimensional state.
Figure 8(b) shows the phase difference between the bound-
aries �ψ as a function of time. This figure suggests that after
t = 100 s there is a mass flux through the immersed bound-
aries. �ψ is then averaged between t = 45 s and t = 90 s.
In this case, �ψave = 18.74 π rad, �Cethanol = 1.94 wt.%,
and �l = 10 mm and, therefore, the contrast factor defined
by Eq. (9) at a mean ethanol concentration of 38.52 wt.%
is ηethanol-water (38.52 wt.%) = 0.97 π [rad wt.%−1 mm−1].
The contrast factor has the opposite sign if the reference
component in the binary system is changed. The measured

t = 80 s

t = 250 s

(b)

(a)

t = 45 s

t = 400 s

FIG. 8. Optical measurements from an isothermal diffusion experiment
in an ethanol-water binary solution at ethanol mean concentration Cm

= 38.52 wt.% and �C = 1.94 wt.%. (a) The portion surrounded by the
vertical rectangle of the phase-shifted data shown in Fig. 7(c) is unwrapped
and then averaged in the x direction; the resulting profiles are translated (ad-
justed) in the phase difference domain assuming that the mass flux through
both boundaries is equal. (b) The temporal variation of �ψ , which is the
difference between the unwrapped phase at the lower and upper boundaries.
�ψ remains constant as long as there is no mass flux through the immersed
boundaries, as indicated by the phase-shifted data at t = 80 s.

contrast factors for the four binary solutions are listed in
Table II.

Figure 9 shows the isothermal diffusion field for the
isobutylbenzene-dodecane binary solution. The experimen-
tal concentration profiles (gray circles) and their correspond-
ing fittings (solid lines) are shown at intervals of 100 s. The
fitting of the numerical solution to the experimental results
was conducted by inverse analysis (see Eq. (5)). The visu-
alization range is from z = 0 to z = 2.83 mm, i.e., the up-
per and lower boundaries are immersed as indicated by the
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TABLE II. Measurement of the contrast factor η and diffusion coefficient for the four binary solutions at mean concentration Cm. The concentration in the
contrast factors is given for the denser components, which are underlined for each solution. The reference values for ethanol-water (water 60.13 wt.%) and
isobutylbenzene-dodecane (IBB-C12 50 wt.%) are included. The factor ∂n/∂C is not included for the protein aqueous solutions to avoid confusion due to the
different units used in the concentration term.

Measured Reference Measured Reference
Binary solution Concentration, Cm Contrast factor, η

(
∂n
∂C

)
p,T

× 10−2
(

∂n
∂C

)
p,T

× 10−2 D (m2/s × 10−10) D (m2/s × 10−10)

Ethanol-water 61.48 wt.% −0.97 π (wt.% mm)−1 − 3.07 − 3.55 (Ref. 13) 4.31 ± 0.92 4.32 (Ref. 11)
IBB-C12 50.0 wt.% 1.93 π (wt.% mm)−1 6.01 6.28 ± 0.04 (Ref. 13) 9.57 ± 0.24 9.50 ± 0.4 (Ref. 12)
Aprotinin-water 1.0 mg/ml 0.29 π (g/l mm)−1 . . . . . . 2.54 ± 0.14 (Ref. 43) . . .
Lysozyme-water 1.0 mg/ml −0.51 π (g/l mm)−1 . . . . . . 4.48 ± 0.18 (Ref. 43) . . .

concentration gradients at the boundaries. The phase-shifted
data at t = 0 s, 100 s, and 500 s are shown in the insets. The
diffusion coefficient obtained at t = 500 s is D = 9.56 × 10−10

m2/s. Figure 10 shows the transient concentration profiles and
the phase-shifted data at t = 100 s and t = 500 s obtained for
the lysozyme-water binary solutions at Cm = 1 mg/ml. As in
the case of the reference mixtures, the transient concentration
profiles of protein aqueous solutions can be observed.

The isothermal diffusion coefficient obtained by averag-
ing the determined D at each fit is listed in Table II with
its corresponding standard deviation for the four binary so-
lutions: ethanol-water (water 61.48 wt.%), isobutylbenzene-
dodecane (50.0 wt.%), aprotinin-water (1.0 mg/ml), and
lysozyme-water (1.0 mg/ml). The reference value of the diffu-
sion coefficient for non-protein solutions is included. A good
agreement with the literature was found for the reference so-
lutions. However, the standard deviation for the diffusion co-
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FIG. 9. Transient concentration profiles within the diffusion cell for the
isobutylbenzene-dodecane binary solution. The experimental and numerical
profiles are indicated by gray circles and solid lines, respectively. The visual-
ization range is from z = 0 to z = 2.83 mm. Each numerical profile, which is
based on Fick’s law assuming a constant diffusion coefficient, is fitted to the
experimental results by inverse analysis. In the numerical calculations, the
first experimental profile is used as initial condition. The phase-shifted data
for t = 0, 100, and 500 s is shown in the insets. The diffusion coefficient at t
= 500 s is D = 9.56 × 10−10 m2/s. The average diffusion coefficient for all
fits and its corresponding standard deviation is shown in Table II.

efficient of the ethanol-water mixture is quite high, about 20%
of its value; the disturbance observed at t = 50 s, which
is shown in Fig. 7(c), must have influenced the accuracy of
the measurement of the diffusion coefficient. The main goal
of this experiment is to measure the contrast factor, so re-
conducting the experiment only for diffusion measurements is
unnecessary.

B. Benchmark mixtures

Thermodiffusion experiments were conducted with
two well-studied binary mixtures, i.e., ethanol-water and
isobutylbenzene-dodecane, in order to validate the proposed
method. Figure 11 shows the phase-shifted data obtained in
a thermodiffusion experiment for an ethanol-water solution
at an initial homogeneous concentration of 39.12 wt.% for
the ethanol component (water 60.88 wt.%). Two phase-shifted
data are simultaneously obtained by OPSI (see Fig. 4). Here,
the OP within the cell for L1 and L2 is 20 mm and 10 mm, re-
spectively, just as in Fig. 2(c). Therefore, the resolution of the
concentration measurement with L1 is double of that obtained
with L2.

3.
87

 m
m

3.
87

 m
m

m

t = 100 s

t = 500 s

t = 100 s

FIG. 10. Experimental transient concentration profiles of the protein aque-
ous solutions of lysozyme-water at Cm = 1 mg/ml. The OP is 20 mm.
The phase-shifted data (modulo 2π ) corresponding to the initial and final
concentration profiles are shown in the insets. The diffusion process starts
at t = 0 s.
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FIG. 11. Phase-shifting interferometric measurements of the thermodiffu-
sion and isothermal diffusion fields of the ethanol-water binary solution
(ethanol 39.12 wt.%) inside the Soret cell. The views from the orthogo-
nally aligned interferometers with light sources L1 (OP 20 mm) and L2
(OP 10 mm) are shown at different experimental times. The entire height
of the cell, i.e., 2 mm, is recorded by the phase-shifted data. The induc-
tion of the thermodiffusion field is conducted by applying a temperature
difference of �T = 5 ◦C (Tm = 25 ◦C) and adjusting the tilt of the mir-
ror M1. The temperature reaches a linear profile between the copper blocks
within 75 s. The mirror adjustment is finalized at 80 s, which is the time
at which the measurement of the thermodiffusion phase is initialized. At
t = 7000 s, the ethanol concentration profile has reached a quasi-steady
state. At t = 7001 s, the binary solution is set to an isothermal state
(T = 25 ◦C) and the Fickian diffusion process is then visualized with the
test beam L2 until the binary solution becomes homogeneous.

The ethanol-water binary solution is injected inside the
Soret cell, which is then placed in the test section of the OPSI
system. As shown in Fig. 11, the thermodiffusion field is in-
duced by applying a temperature difference of �T = 5 ◦C
(mean temperature Tm = 25 ◦C) with the temperature con-
trol system previously described; Troom is 25 ◦C throughout
the course of the experiment. At t = 50 s the temperature
at the upper and lower boundaries has reached a constant
value. After reaching a linear temperature profile between
these boundaries, as indicated by the infinite fringe con-
dition of L1 at t = 80 s, there is a constant thermodif-
fusive mass flux throughout the binary solution. This infi-
nite fringe condition at the beginning of the thermodiffusion
phase is achieved by manually adjusting the tilt of the mir-
ror M1. In contrast, the fringe pattern obtained with L2 is
too dense to subtract an unwrappable phase-shifted data with
the CCD camera of pixel resolution 640 × 480. Hence, the
thermodiffusion measurement is conducted only with L1, as
shown in Fig. 11. Then, fringes start appearing near the up-
per and lower boundaries due to thermophoretic induced con-

centration gradients, as shown in the phase-shifted data at
t = 300 s and t = 400 s. It is only in the region where
fringes appear that mass transport due to Fickian diffusion
occurs and opposes thermodiffusion, as described by Eq. (2).
At this point, we can know if the species are thermopho-
bic (ST > 0) or thermophilic (ST < 0) by comparing the
phase-shifted data obtained with L1 (thermodiffusion phase in
Fig. 11) and the phase-shifted data obtained in the preliminary
experiments (snapshots in Fig. 7). We can see from the pre-
liminary experimental results that the intensity gradient be-
tween two fringes in the phase-shifted data is positive (black
to white isovalues) when moving upwards (increasing z val-
ues); in these experiments the denser solution (which is richer
in water) is placed below. Since we also have a positive gradi-
ent between two fringes in the thermodiffusion phase shown
in Fig. 11, we can conclude that in this thermodiffusion exper-
iment the water molecules migrate to the lower cold section
of the cell. Therefore, the water molecules in this ethanol-
water solution are thermophobic (ST > 0). After t = 400 s in
the thermodiffusion phase, fringes progressively occupy the
whole height of the cavity until the concentration field reaches
a quasi-steady linear state, as indicated by the seemingly
equidistant fringes in the phase-shifted data of L1 at
t = 7000 s. These equidistant fringes are then connected to
determine the phase difference �ψ between the upper and
lower boundaries. At t = 7000 s, �ψ becomes 7.08 π , and
by substituting �ψ , ηethanol-water (obtained in the preliminary
experiments), and �l = 20 mm in Eq. (9), the concentration
difference between the upper and lower boundaries is found
to be �C = 0.37 wt.%.

At t = 7001 s, the temperature control system is used to
induce the isothermal phase (T = 25 ◦C) and Fickian diffu-
sion is then visualized with the beam L2. During this tem-
perature control process, which takes about 70 s, there is a
range (7008 s < t < 7028 s) where the temperature at the
lower boundary is larger than that at the upper boundary. This
might result in hydrodynamic instabilities due to Ra > 0. In
this situation, the Rayleigh number Ra = 726 is estimated by
substituting in Eq. (4) the following: �T = 2 ◦C (more than
the maximum �T in this range), l = 0.002 m, g = 9.8 m/s2,
and the corresponding thermophysical properties of the
ethanol-water solution β = 5.94 × 10−4 1/K, ν = 1.08
× 10−6 m2/s, α = 1.18 × 10−7 m2/s. The resulting Ra is less
than half of the critical Rayleigh number Rac = 1732.5, which
was calculated for this geometry by a continuation method
previously described53 (assuming �C = 0). Therefore, we can
guarantee that there are no disturbances due to natural con-
vection. In fact, the actual critical Rayleigh number should be
larger than the calculated Rac, because the concentration gra-
dients present in the cell, which were induced by the original
temperature gradient of the thermodiffusion phase, are sta-
bilizing. After the temperature has reached a constant value
within the cell, quasi-equidistant fringes are observed with
L2 at t = 7060 s. This indicates that there is a linear con-
centration profile at the beginning of the isothermal diffusion
phase. Moreover, when comparing the number of fringes ob-
tained in the phase-shifted data of L1 and L2 at t = 7000 s and
t = 7060 s, respectively, (i.e., 6 fringes in the former case and
3 fringes in the latter case) it is evident that the resolution of
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FIG. 12. Temporal variation of the concentration difference �C between the upper and lower walls for (a) ethanol in the ethanol-water solution, and
(b) dodecane in the isobutylbenzene-dodecane (IBB-C12) solution. The lightest component in each liquid pair, i.e., (a) ethanol and (b) dodecane, is taken
as reference for the concentration difference. The total experimental time is 12000 s for the former case and 7000 s for the latter case. Some snapshots of the
phase-shifted data for the ethanol-water experiment are shown in Fig. 11. The temperature difference between the upper and lower boundaries in the thermod-
iffusion phase of ethanol-water and isobutylbenzene-dodecane is �T = 5 ◦C and �T = 6 ◦C, respectively. The OP in the measurement shown in (a) is 20 mm
for the thermodiffusion phase and 10 mm for the isothermal diffusion phase. The OP in the measurement shown in (b) is 10 mm for the thermodiffusion phase
and 20 mm for the isothermal diffusion phase. The scattering for the �C points is larger for the short OP measurements.

the measurement with L1 is double of that with L2 due to the
longer OP. The isothermal diffusion phase is then visualized
until the binary solution becomes homogeneous, as indicated
by the homogenous intensity (infinite fringe condition) of the
phase-shifted data at t = 9000 s in Fig. 11.

Figure 12 shows the temporal variation of the concen-
tration difference �C between the upper and lower walls for
the ethanol-water (Fig. 12(a)) and isobutylbenzene-dodecane
(Fig. 12(b)) binary solutions. �C in Fig. 12(a) corresponds
to that of ethanol, while �C in Fig. 12(b) corresponds
to that of dodecane. Since ethanol and dodecane are the
lightest components in each liquid pair, the hydrodynamic
stability of the solution increases with time during the ther-
modiffusion phase. Here, the contrast factor η for ethanol-
water at Cm = 38.5 wt.% and isobutylbenzene-dodecane at
Cm = 50 wt.% (see Table II) was used to determine �C. We
assume that the contrast factor for the ethanol-water mixture
between Cm = 38.5 wt.% and Cm = 39.12 wt.% does not
vary significantly.54 Moreover, in the ethanol-water experi-
ment, the OP for the thermodiffusion and isothermal diffusion
phases was 20 mm and 10 mm, respectively, i.e., the concen-
tration resolution in the thermodiffusion measurement is two
times larger than in the isothermal diffusion measurement.
This explains a larger scattering of the concentration differ-
ence �C points in the isothermal diffusion phase. In contrast,
in the isobutylbenzene-dodecane experiment, the OP for the
thermodiffusion and isothermal diffusion phases was 10 mm
and 20 mm, respectively, values opposite to the ones chosen

in the ethanol-water experiment, and the scattering of �C is
now larger in the thermodiffusion phase. These results show
that the measurements with a shorter OP result in a larger scat-
tering of �C.

The measurements shown in Fig. 12 are similar to those
conducted with OBD technique where the measurement is
based on the temporal variation of a local refractive index
within the cell. Nevertheless, the advantages of phase-shifting
interferometry become evident when analyzing the phase-
shifted data in more depth. Figure 13 shows the transient
concentration profiles for the ethanol-water solution (ethanol
39.12 wt.%) obtained from the phase-shifted data of the ther-
modiffusion phase; the phase-shifted data at t = 100 s, 600 s
and 7000 s are also shown as insets (see more snapshots in
Fig. 11). The thermophilic nature of the ethanol molecules
in this liquid pair is evident. Moreover, we can confirm that
the concentration profile within the cell in its steady state is
quasi-linear. This final state corresponds to the state where the
Fickian diffusion and thermodiffusion, whose rates are writ-
ten in Eq. (2), balance each other. We can also see in Fig. 13
that there is some waving of the concentration profiles, partic-
ularly near z = 0, i.e., close to the lower cold boundary. This
is due to the beam deflection problem shown in Fig. 14. This
problem is worsen when the OP within the cell or the tem-
perature difference between the walls �T is larger, making
measurements with very long OP or large �T quite problem-
atic. In order to reduce the beam deflection problem for the
beams which are not reflected by the lower copper wall, the
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FIG. 13. Transient concentration profiles for the ethanol component in the
ethanol-water binary solution during its thermodiffusion phase. Thermodif-
fusion drives the ethanol molecules to the upper region, i.e., the high tem-
perature region, and the water molecules to the lower region, i.e., the low
temperature region. Therefore, the ethanol and water molecules have ther-
mophilic and thermophobic behavior, respectively.

focus point of the test beam was set to match the inner plane
of the glass wall that is nearest to the CCD camera, as sug-
gested by Mialdun and Shevtsova,19 for each test beam L1
and L2. This improved the quality of the measurement during
the thermodiffusion phase.

Figure 15 shows the transient concentration profiles dur-
ing the isothermal diffusion phase of the isobutylbenzene-
dodecane binary solution (50 wt.%); the insets show the
phase-shifted data at t = 3700 s and 6100 s. This measurement
indicates that, after the thermodiffusion phase, the isobutyl-
benzene molecules have accumulated in the lower cold part
of the cell, revealing the thermophobic nature of the isobutyl-
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FIG. 14. Beam deflection problem through the Soret cell with focus on the
lower cold boundary (for Ra < 0). The cold region inside the solution has a
higher refractive index n than the upper hot region. Therefore, the beam is
curved towards the bottom of the cell.

t = 100 s

t = 6100 s

t = 3700 st = 100 s1t t =t 3700 s0

FIG. 15. Transient concentration profiles during the isothermal diffusion
phase of the isobutylbenzene- dodecane binary solution (50 wt.%). The pro-
files are shown at times separated by �t = 100 s starting at t = 3700 s. After
the thermodiffusion phase, the isobutylbenzene molecules have accumulated
in the lower cold part of the cell, i.e., the isobutylbenzene molecules are ther-
mophobic. The phase-shifted data at two different times is shown in the in-
sets.

benzene molecules. We can also observe that the concentra-
tion gradient at the copper/liquid boundaries is zero, in accor-
dance to the impermeable condition (JC = 0) at the wall with
�T = 0. In contrast, in a thermodiffusion phase, a concentra-
tion gradient is found in the vicinity of the wall (see Fig. 13)
accounting for the equilibrium between Fickian diffusion and
thermodiffusion in an unchanged JC = 0 condition. Further-
more, the transient concentration profiles in the isothermal
phase can be taken as Cexp in Eq. (5) in order to minimize
the objective function δ and yield the isothermal diffusion co-
efficient of the liquid pair at Tm. Hence, thermodiffusion can
be used as a mean to create an initial concentration condition
for an isothermal diffusion experiment. This is a particular
advantage for solutions that are too viscous to handle by us-
ing more conventional methods.41, 42, 55 Moreover, the beam
deflection problem described in Fig. 14 is much less evident
during the isothermal diffusion phase (∂n/∂T = 0) than dur-
ing the thermodiffusion phase. This occurs because, for the
concentration and temperature differences managed in these
experiments, the influence of the temperature gradient on
the refractive index (∂n/∂T ), which is indicated by the dense
fringes pattern of L2 at t = 60 s in Fig. 11, is much larger than
the influence of the concentration gradient on the refractive
index (∂n/∂C), which is indicated by the few fringes observed
in the isothermal diffusion phase with L2 at t = 7060 s in
Fig. 11.

Table III shows the Soret coefficients (from Eq. (3)),
isothermal diffusion coefficients (by optimizing Eq. (5)), and
thermodiffusion coefficients (from Eq. (1)) obtained in this
study by using OPSI for the two benchmark solutions. The
reference values are also listed. A good agreement with the
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TABLE III. The Soret coefficient ST, the isothermal diffusion coefficient D, and the thermodiffusion coefficient DT for the two benchmark binary solutions
measured in the present study at a mean concentration Cm. The reference component is underlined. Literature values are written in parentheses for comparison.

Liquid pair Cm (wt.%) ST (K−1 × 10−3) D (m2/s × 10−10) DT (m2 K−1/s × 10−12)

Ethanol-water 60.88 3.09 (3.23, Ref. 11) 4.31 1.33 (1.37, Ref. 11)
IBB-C12 50.0 3.86 (3.9 ± 0.1, Ref. 12) 9.57 3.69 (3.7 ± 0.2, Ref. 12)

literature was obtained, validating the experimental technique
and the analysis method proposed in this study.

C. Protein thermodiffusion

Thermodiffusion in protein aqueous solutions (ther-
mophoresis) is discussed as an application of the mea-
surement technique proposed in this study. The purpose of
this section is to verify whether thermophoresis of macro-
biomolecules can be observed and measured with OPSI.
Therefore, no extra measures are taken to fix the ionic strength
of the solution or its pH level, i.e., the protein is used as so-
lute without any further purification and dissolved in distilled
water at 25 ◦C. Figure 16 shows the phase-shifted data ob-
tained during two thermodiffusion experiments for a dilute
aprotinin-water (3 mg/ml) binary solution: at �T = 5 ◦C,
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FIG. 16. Phase-shifted data for two thermodiffusion experiments of a dilute
aprotinin-water (3 mg/ml) binary solution inside a Soret cell of h = 1.5 mm.
In the first experimental run (a) �T = 5 ◦C, Tm = 25 ◦C, in the second
experimental run (b) �T = 10 ◦C, Tm = 30 ◦C. The fringes observed at
t = 0 s are due to optical defects of the quartz walls. The fringes due to
thermophoresis are clearly observed in both the thermodiffusion and isother-
mal diffusion phases. The beam deflection problem at �T = 10 ◦C and OP
= 20 mm becomes more prominent.

Tm = 25 ◦C, and �T = 10 ◦C, Tm = 30 ◦C. The height of
the cell was shortened to h = 1.5 mm in order to reduce the
measurement time, which is expected to be longer for pro-
tein molecules, such as aprotinin (see Sec. III A 1 b). The
visualization width for L1 is shorter than for L2. Optical de-
fects prevent us from achieving the infinite fringe condition
with L2 at t = 0 s, even though the solution is in a ho-
mogenous state (i.e., �T = 0 and �C = 0). Finding the de-
formed wavefront, as described in Fig. 5(b), and then subtract-
ing it to the unwrapped data at time t can correct this optical
problem.

The first experimental run at �T = 5 ◦C, which is
shown in Fig. 16(a), was conducted in accordance with the
temperature ranges chosen in the validation experiments (see
Fig. 11). However, very few fringes were observed in the
steady state at t = 12000 s and at the beginning of the isother-
mal diffusion phase at t = 12200 s. As discussed in Sec. IV B,
the number of fringes is proportional to the resolution of the
concentration measurement. Therefore, a second experimen-
tal run, which is shown in Fig. 16(b), was conducted at a
higher temperature difference, �T = 10 ◦C, in an attempt
to increase the resolution of the measurement by obtaining
more fringes in the phase-shifted data. The mean tempera-
ture within the cell and room temperature were set to Tm =
30 ◦C and Troom = 27 ◦C, respectively; these temperature val-
ues enable us to use more effectively the surrounding air as
heat sink for the Peltier modules. As shown in Fig. 16(b),
the thermophoretic-induced concentration gradients inside
the protein aqueous solution are clearly observed at the end
of the thermodiffusion phase at t = 3600 s and the beginning
of the isothermal diffusion phase at t = 3680 s. However, the
high temperature difference �T between the walls increases
the beam deflection problem described in Fig. 14. This jeop-
ardizes the ability to measure the Soret coefficient only from
the thermodiffusion phase since the exact concentration value
at the boundaries becomes unknown. On the other hand, the
isothermal data does not have the beam deflection problem
and, thus, they can be used to determine the thermodiffusion
and isothermal diffusion coefficients.

At this point, we can determine whether the aprotinin
molecules (6.5 kDa) dissolved in water (at Cm = 3 mg/ml) are
thermophobic or thermophilic by observing the phase-shifted
data in the isothermal phase shown in Fig. 16. In the prelim-
inary experiments, we observed that phase-shift ϕ increases
with increasing concentration of aprotinin molecules (posi-
tive contrast factor η). In the isothermal phase, on the other
hand, we observe that the phase-shift ϕ increases with the
position z from the lower wall, indicating that the concentra-
tion increases with z and, thus, we can infer that the aprotinin
molecules have moved to the upper heated wall during the
thermodiffusion phase. Therefore, the aprotinin molecules in
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t = 3690 s

t = 3740 s

t = 6000 s

t =t 3693 0 st = t 363

t = t 3740 s0

FIG. 17. Transient concentration profile during the isothermal diffusion
phase of the second experimental run of the aprotinin-water binary solution.
The height of the cell is h = 1.5 mm, and the temperature difference applied
during the thermodiffusion phase is �T = 10 ◦C. Three phase-shifted data at
t = 3690 s, 3740 s, and 6000 s are shown in the insets. The aprotinin
molecules exhibit a thermophilic behavior (ST < 0) within the aqueous
surrounding.

pure water (Cm = 3 mg/ml) are thermophilic, i.e., the Soret
coefficient ST is negative for this species.

Figure 17 shows the transient concentration profiles in
the isothermal diffusion phase for the second experimental
run of the aprotinin-water binary solution (see Fig. 16(b)).
Here, the contrast factor η for aprotinin-water at Cm = 1
mg/ml and at T = 25 ◦C (see Table II) was used to deter-
mine the concentration profiles at Cm = 3 mg/ml, i.e., we
assume that the contrast factor does not change significantly
within these temperature and concentration ranges. The ther-
mophilic nature of the aprotinin molecules is evident due to a
higher concentration of molecules that have accumulated near
the upper hot boundary after the thermodiffusion phase. Fur-
thermore, a quasi-linear profile is detected at the beginning
of the isothermal diffusion phase at t = 3690 s. In contrast, a
linear profile was not observed at the beginning of the isother-
mal phase for the ethanol-water solution (see Fig. 15) due to
the higher diffusion coefficient of this liquid pair. We can thus
use the linear profile at t = 3690 s, shown in Fig. 17, to esti-
mate the concentration difference �C between the plates ob-
tained at the end of the thermodiffusion phase. We obtain �C
= 0.4 mg/ml for this experiment where C0 = 3 mg/ml and
�T = 10 ◦C. In order to obtain the Soret coefficient from
Eq. (3), we first need to change the units of concentration
from [mg/ml] to [wt.%]. This is done by assuming that the
density of water at Tm = 30 ◦C is ρ = 0.9956 g/ml. Then, the
mean concentration and concentration difference become C0

= 0.3 wt.% and �C = 0.04 wt.%. Substituting these values
in Eq. (3) yields the negative Soret coefficient ST = −1.34
× 10−2 K−1.

Figure 18 shows some concentration profiles for the
thermodiffusion phase of a lysozyme-water binary solution

t = 400 s

t = 600 s

t = 700 s

FIG. 18. Concentration profiles for the thermodiffusion phase of a lysozyme-
water binary solution (3 mg/ml). The temperature difference is set to �T
= 5 ◦C between the liquid/copper boundaries separated by h = 2 mm. The
concentration difference �C is too small to obtain a reliable measurement of
the Soret coefficient. Nevertheless, the thermophobic nature (ST > 0) of the
lysozyme molecules is evident from this experimental result.

(Cm = 3 mg/ml) and the phase-shifted data corresponding to
each profile. The distance between the walls was set to h = 2
mm, the temperature difference to �T = 5 ◦C, and the mean
temperature to Tm = 25 ◦C. The beam deflection problem is
not clearly visible with this temperature difference, but still,
the data near the heated copper/liquid boundaries could not be
retrieved. Furthermore, the concentration difference �C be-
tween the upper and lower boundaries is too small to obtain
a reliable measurement of the Soret coefficient. The temporal
fluctuation of �C with only one fringe in the phase-shifted
data is too large, so the linear concentration profile is not reli-
able and therefore this result is not included in Fig. 18. There-
fore, the Soret coefficient is nearly zero at Cm = 3 mg/ml
and Tm = 25 ◦C. We can also observe that the lysozyme
molecules (14.3 kDa) are thermophobic (ST > 0) in this dilute
aqueous solution because they migrate from the upper hot re-
gion to the lower cold region. This result is in accordance with
those reported by Piazza et al.15 where the Soret coefficient
is nearly zero, but positive, for a dilute lysozyme solution
(Cm = 10 mg/ml) at T = 25 ◦C and pH = 7.1 in the presence
of 100 mM NaCl (which is used to screen the electrostatic
effects at lower ionic strengths).

V. CONCLUSIONS

In this study, we have proposed a novel experimen-
tal technique to visualize thermodiffusion and measure the
Soret coefficient in transparent liquid binary solutions. The
measurement apparatus consists of two orthogonally aligned
phase-shifting interferometers using a single rotating polar-
izer that is synchronized with a CCD camera. The phase-
shifted data is processed in real-time by using a temporal
phase-shifting algorithm. A Soret cell (W × L × H) = (10
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× 20 × 1–2) mm3 was built with lateral transparent walls
made of quartz glass and upper and lower boundaries made
of copper. The transparent walls permit the measurement of
diffusion from two orthogonal views, while the metallic walls
allow a rapid temperature control at the copper/liquid bound-
aries. The temperature control is conducted with Peltier mod-
ules regulated with a PID system. Thermodiffusion exper-
iments were conducted with the height of the cell set to
1.5 mm and 2 mm. This is much less than the height of the
cell used by previous research groups that use interferomet-
ric methods.20, 34 A shorter cell height has three main advan-
tages:

(1) Reducing the volume sample (directly proportional to
the height). This is useful when measuring the thermo-
physical properties of expensive proteins, such as apro-
tinin.

(2) Shortening the measurement time (directly proportional
to the second power of the height). This is necessary to
measure thermodiffusion of biomolecules that have the
risk of conformational changes. A shorter measurement
time is also desirable to procure a more time-efficient
measurement suitable for industrial applications.

(3) Increasing the hydrodynamic stability of the system (di-
rectly proportional to the third power of the height).
This is particularly important when measuring negative
Soret coefficient, which are known to cause Soret driven
instabilities.47

The main disadvantage of having a shorter cell height is
the increase of the error due to the beam deflection problem.
A careful alignment of the cell with the test beam of the inter-
ferometer can reduce this problem.

The measurement technique was first validated by mea-
suring the Soret coefficient of two well-known liquid pairs:
ethanol-water (ethanol 39.12 wt.%) and isobutylbenzene-
dodecane (50.0 wt.%), the latter being one of the binary mix-
tures in the Fontainebleau benchmark.12 Preliminary experi-
ments were conducted to measure the contrast factor of each
liquid pair. These contrast factors serve as a link between
the unwrapped phase-shifted data and the concentration, i.e.,
the measurement technique is independent of reference con-
trast factors found in the literature. The measured Soret co-
efficients, isothermal diffusion coefficients, and thermodiffu-
sion coefficients for the two benchmark mixtures are in good
agreement with the literature. Moreover, the measurement
time of the Soret coefficient for the liquid pairs was less than
four hours. This is about 1/3 of the measurement time reported
in recent studies that use similar interferometric techniques.19

The temporal phase-shifting technique allows us to determine
the phase map (phase-shifted data) in quasi-real time. This
image processing technique is a versatile method that can be
used as an alternative method to the FFT method previously
reported.19 However, the optical setup that we propose, which
comprises a rotating polarizer, is more complex than the con-
ventional Mach-Zehnder interferometer used for FFT meth-
ods. This is mainly due to the rigorous alignment of the lin-
early polarized beam in the polarizing Mach-Zehnder interfer-
ometer and the synchronization of the rotation polarizer with
the CCD camera.

The measurement technique was then applied to two di-
luted protein aqueous solutions at 3 mg/ml: aprotinin-water
and lysozyme-water. It was found that the aprotinin molecules
have a thermophilic behavior (ST < 0) in its highly diluted
form, whereas lysozyme molecules have a thermophobic be-
havior (ST > 0) at the same concentration level. It was also
shown that thermodiffusion for the two diluted protein aque-
ous solutions is weaker than for the benchmark mixtures, i.e.,
few fringes were detected in the phase-shifted data. In or-
der to bring the concentration field to a value that could be
measured by using our optical apparatus, a higher temper-
ature difference was applied to the aprotinin-water solution.
However, it was shown that the increment of the temperature
difference also worsens the beam deflection problem, making
unfeasible the measurement of Soret coefficient values only
from the thermodiffusion phase. Then, the isothermal diffu-
sion phase was used to estimate the concentration difference
in the steady state of the thermodiffusion phase and, thus, a
reliable Soret coefficient for the aprotinin molecules was de-
termined in the aqueous solution (3 mg/ml). In contrast, the
concentration difference for the lysozyme-water binary solu-
tion (3 mg/ml) was too small to measure the Soret coefficient
of the lysozyme component, i.e., the Soret coefficient was al-
most zero. This result is in accordance with that reported by
Piazza et al.15 where the Soret coefficient of lysozyme in a
dilute solution (10 mg/ml) at T = 25 ◦C and pH = 7.1 was
found to be almost zero. In spite of the weak thermodiffusion
effect, our results show that the thermophobic or thermophilic
behavior of the proteins molecules could be determined by us-
ing phase-shifting interferometry.

The proposed optical technique, called orthogonal phase-
shifting interferometry, was used to visualize for the first time
thermodiffusion of protein molecules. This optical method
can be used as a tool to deepen our understanding of ther-
modiffusion in biological systems, and specifically of ther-
mophoresis of protein and DNA molecules.

ACKNOWLEDGMENTS

This research was funded by the Grant-in-Aid for Young
Scientists (A) (Grant No. 21686020) of The Japanese Min-
istry of Education, Culture, Sports, Science and Technology
(MEXT). We would like to extend our utmost gratitude to
the Tohoku University Global COE program for the financial
support, as well as to the administration of École Centrale de
Lyon and Tohoku University for making possible the collab-
oration on the joint double-degree Ph.D. program.

APPENDIX: PHASE-SHIFTING EQUATION

In this study, we have chosen a three-bucket, or three-
step, temporal phase-shifting technique50 to obtain high-
resolution phase-shifted data in the isothermal diffusion
and thermodiffusion experiments. A rotating polarizer with
transmission angle θ was placed before two CCD cameras
(for L1 and L2) in the polarizing Mach-Zehnder interferome-
ter described in the text. In this appendix, we will derive the
phase-shifting equation for the interferometer that uses the
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beam L1, in which the linear polarization of the test beam and
reference beam is 0 and π /2, respectively, as shown in Fig. 4.

The amplitude A(y, z) of the light L1 passing through a
rotating polarizer with a transmission angle θ is

A(y, z) = Ar cos(ωt − θ) + Ao cos(ωt + θ + ϕ), (A1)

where ϕ, ω, Ar, and Ao are the phase shift, the angular fre-
quency of the circularly polarized light, the amplitudes of
the reference beam, and the amplitude of the test (or object)
beam, respectively. The intensity I(y, z) of light acquired by
each CCD camera is then equal to the time-averaged absolute
value of the amplitude described in Eq. (A1). Therefore, the
intensity for a period P is

I (y, z) = 1

P

∫ P

0
|A(θ, ϕ)|2dt, (A2)

where P = 2π /ω. After expanding arithmetically and simpli-
fying Eq. (A2), I(y, z) becomes

I (y, z) = 1

2

(
A2

r + A2
o

) + ArAo cos(ϕ + 2θ ). (A3)

Therefore, the spatial intensity I(y, z) depends on both
the transmission angle θ and the phase shift ϕ; the former is
controlled by a stepper motor and the latter is the physical
quantity to be measured. Creath50 has described the three-
bucket phase-shifting with a constant �θ value, in particu-
lar for �θ = π /2 and 2π /3. We consider that �θ = 2π /3 is
the best choice in order to simplify the synchronization pro-
cedure of the rotating polarizer and the CCD cameras. The
phase-shifting interferograms I1(y, z), I2(y, z), I3(y, z) that are
acquired at θ = 0, 2π /3, 4π /3, respectively, become

I1(y, z) = 1

2

(
A2

r + A2
o

) + ArAo cos(ϕ),

I2(y, z) = 1

2

(
A2

r + A2
o

) + ArAo cos

(
ϕ + 4π

3

)
,

I3(y, z) = 1

2

(
A2

r + A2
o

) + ArAo cos

(
ϕ + 8π

3

)
.

(A4)

Here, we assume that the phase shift ϕ is constant for the
three consecutive intensities I1, I2, and I3, i.e., the technique
is only applicable for a steady state phenomenon or for phe-
nomena where ϕ does not change significantly between I1,
I2, and I3. The amplitudes Ar and Ao in Eq. (A5) can be can-
celled by using basic algebraic operations. The phase-shifted
data (phase map) is then

ϕ(y, z) = arctan

(√
3

I2(y, z) − I3(y, z)

I2(y, z) − 2I1(y, z) + I3(y, z)

)
.

(A5)

This phase-shifting equation is also valid for the inter-
ferometer that uses L2. Equation (A5) was used in this study
to determine the concentration profiles within a diffusion or
Soret cell. These concentration profiles are then used to de-
termine the Soret coefficients in organic binary solutions. Be-
cause of the nature of the arctangent calculation in Eq. (A5),
the phase calculation is done modulo π (between −π /2 and
+π /2). The phase shift can then be subsequently adjusted by
examining the values of sin ϕ and cos ϕ.
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