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Abstract

Diffusiophoresis is the spontaneous movement of colloidal particles in a concen-

tration gradient of solutes. As a small-scale phenomenon that harnesses energy from

concentration gradients, diffusiophoresis may prove useful for passively manipulating

particles in lab-on-a-chip type applications as well as configurations involving inter-

faces. Though naturally occurring ions are often multivalent, experimental studies on

diffusiophoresis have been mostly limited to monovalent electrolytes. In this work, we

investigate the motion of negatively charged polystyrene particles in one-dimensional

salt gradients for a variety of multivalent electrolytes. We develop a one-dimensional

model and obtain good agreement between our experimental and modeling results

with no fitting parameters. Our results indicate that the ambipolar diffusivity, which

is dependent on the valence combination of cations and anions, dictates the diffusio-

phoretic motion of the particles by controlling the timescale at which the electrolyte

concentration evolves. In addition, the ion valences also modify the electrophoretic and

chemiphoretic contributions to the diffusiophoretic mobility of the particles. Our re-

sults are applicable to systems where the chemical concentration gradient is comprised

of multivalent ions, and motivate future research to manipulate particles by exploiting
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ion valence.
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Introduction

Diffusiophoresis, first described by Derjaguin et al.1 over seven decades ago, refers to particle

motions driven by chemical gradients. Typically, a gradient of cations and anions with a

difference of respective diffusivities (D+ and D−) produces a local electric field that sets

charged particles into motion; this response is equivalent to electrophoresis. Simultaneously,

the presence of a chemical gradient produces local osmotic pressure variations at the scale of

a particle, which also produces particle movement; this is the chemiphoretic contribution to

motion.2–4 The two chemical contributions, electrophoresis and chemiphoresis, account for

diffusiophoretic motions. The corresponding flows driven by chemical gradients tangent to a

stationary surface are referred to as diffusio-osmosis. Nearly all experimental studies 5–12 have

considered the case of electrolytes with equal valence for the cations and anions (z+ = z−

as for NaCl, KCl, etc.). Here we present experimental results of diffusiophoretic particle

motion in non-z : z electrolytes and compare the measurements with the recent theoretical

predictions of Gupta et al.13

During the past decade there have been a wide range of experimental, numerical and

theoretical studies of diffusiophoretic transport. For example, researchers have demonstrated

focusing and spreading of particle streams,7,14 particle extraction from (or delivery to) dead-

end pores,8,15 the formation, temperature triggering and combination of solutal beacons

for directing particle motion,9,10 particle accumulation by competing pressure-driven flow

and diffusiophoresis,15–17 long-lived transient effects,11 diffusiophoretic motion of particles

in surfactant gradients and the role of diffusiophoresis in laundry detergency,12,18 dissolved

CO2 as a driver of diffusiophoresis for manipulating particles in flows,19 among others.20–27

Of course, early work in the field identified many of these ideas including approaches
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to particle separations5 and surface coating.6,28,29 In some cases, there are detailed com-

parisons of experiment and theory, though the work we are aware of focuses on 1 : 1 elec-

trolytes. Although recent work has started to explore multivalent effects, 30 no literature has

yet systematically investigated non-z:z electrolytes experimentally or compared results with

theoretical predictions. Solutions of non-z : z electrolytes are expected to produce differ-

ences in diffusiophoretic motions as a consequence of (i) changes in the ambipolar diffusivity

(see Equation (4)) that characterizes the effective diffusivity of a salt, and (ii) changes to

both the electrophoretic and chemiphoretic contributions to the diffusiophoretic velocity for

a given concentration of electrolyte.13

In this article, we tackle this question of the effect of non-z : z electrolytes on particle

movement using experiments in a microfluidic device with dead-end pores, where a chemical

concentration difference between the main channel and the dead-end pores is responsible for

particle motion. In the first section we describe the experimental approach which includes

two types of experiments, an entrainment experiment and a novel “compaction” experiment.

The second section includes a summary of our mathematical model of diffusiophoretic trans-

port for non-z : z electrolytes and a comparison of experiments and the model, including

experiments with (z+ : z−) a 1 : 1 electrolyte (NaCl), two 2 : 2 electrolytes (MgSO4, CaSO4),

a 1 : 2 electrolyte (Na2SO4) and two 2 : 1 (MgCl2, CaCl2) electrolytes. In the third section,

we discuss the comparison of the experiments and the model, use a similarity solution to

understand the observed trends, and discuss the significance of the ambipolar diffusivity on

the diffusiophoretic motion of the particles. The last section provides a brief summary and

conclusions.
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Figure 1: (a) Schematic showing the dimensions of the dead-end pores. We conducted two
different types of experiments with the dead-end pores. (b) In the entrainment experiments
Solution II contains particles (in DI water), which become entrained in the pore, initially
filled with Solution I, due to the concentration gradient. (c) In the compaction experiments,
pores are initially filled with a particle suspension (Solution I). Here, Solution II does not
contain particles, but creates a concentration gradient of salt.

Materials and Methods

PDMS Microfluidic Channel

The PDMS channels are prepared using standard soft lithography procedures where the

elastomer base and silicone elastomer curing agent (Dow Corning, Sylgard 184) were mixed

at a ratio of 10:1. The channel design and dimensions are shown in Fig. 1. The width and

height of the main channel are 250 µm and 90 µm respectively. The width and the height

of the dead-end pores are 50 µm and 30 µm respectively. The length of the dead-end pores

is 500 µm, and the spacing between them is 100 µm.

Salt Solutions

For salts we used Na2SO4 (Fisher Chemical, Lot 931634), CaCl2 · 2H2O, MgSO4, MgCl2, and

NaCl (Sigma Aldrich; Lot SLBR6503V, Lot 095K0117, Lot SLBT5102, and Lot SLBB9515V,

respectively) and CaSO4 (Drierite, Lot 13001). Soluble salts were directly dissolved in DI
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water (Milli-Q, EMD Millipore) to make 100 mM solutions, then the solutions were further

diluted for experiments. CaSO4 has poor solubility, so the solution was created by sub-

merging Drierite pellets in DI H2O. After the slurry settled we were left with a saturated

(approximately 20 mM) solution (CaSO4 has a solubility of 0.27 g/100 mL at 20 °C),31

a portion of which we later combined with an equal volume of DI water at 22 °C for an

approximately 10 mM solution. Portions of this solution were further diluted.

Table 1: Table of experimental concentrations for all salts studied, NaCl, Na2SO4, CaCl2,
CaSO4, MgCl2, and MgSO4.

Experiment Type Solution I Solution II
Entrainment 10 mM DI H2O + particles
Compaction 1 mM + particles 0.1 mM

Particle Suspensions

We used 1 µm diameter fluorescent (540/560) polystyrene latex FluoSpheres particle (Molec-

ular Probes). The particles were dispersed in a salt solution of interest at the volume fraction

of 2.62× 10−4.

Experimental Protocol

The fluorescent images were recorded every second for 300 seconds using an inverted mi-

croscope (Leica, DMI4000B). In order to prevent evaporation-induced dry air plugs in the

pores, which lead to poor connection between two solutions, most data were collected at or

above a relative humidity (RH) of 20 %.

Entrainment Experiments

Every experiment uses two aqueous solutions, called Solution I (10 mM) and Solution II

(particles in DI water – no electrolytes). In an initially empty channel, Solution I is injected

manually. Once it has filled the main channel, we block the outlet and apply gentle pressure
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to manually fill the pores. After the pores are filled with Solution I, the plug blocking the

outlet is removed and the syringe containing Solution II is connected to the channel inlet.

In order to introduce an air plug between two solutions, 2-4 mm of the tip of the connecting

tubing is left empty. Initially separated from Solution I by an air plug, Solution II is flown

into the channel at 90 µL/hr. After the two solutions come into contact at the pore entrance,

the rate of injection of Solution II is reduced to 30 µL/hr.

Compaction Experiments

In an initially empty channel, Solution I (particles in a 1 mM solution) is injected at a flow

rate 90 µL/hr using a syringe pump (Harvard Apparatus). Once the main channel is filled,

we block the outlet and reduce the flow rate to 30 µL/hr. Due to increased pressure in

the entire channel, the pores gradually fill with Solution I. As a result, we obtain particles

that are uniformly distributed in the pores as an initial condition. After the pores are filled

with Solution I, the plug blocking the outlet is removed and the syringe containing Solution

II (0.1 mM) is connected to the channel inlet. Separated from Solution I by an air plug,

Solution II is injected at 90 µL/hr, then slowed to 30 µL/hr after the two solutions come into

contact at the pore entrance. We used lower concentrations (see Table 1) for the compaction

experiments because the particles formed clumps and stuck to walls when placed in 10 mM

solutions of electrolytes with +2 counterions. In this case, we may have exceeded the Critical

Coagulation Concentration(CCC), which is strongly dependent on the valence of counterions.

Results

Experimental Data from Entrainment and Compaction Experiments

In order to study the effect of valence on the diffusiophoresis of particles, we use a dead-end

pore geometry (Fig. 1). The channel has both a main channel and small pores connected

to the side wall of the main channel. After filling the pores with an aqueous solution,

6



another aqueous solution is flown through the main channel to generate a one-dimensional

concentration gradient. The salts used for the experiments were NaCl, Na2SO4, CaCl2,

CaSO4, MgCl2, and MgSO4. Two types of experiment were conducted. In the entrainment

experiments (Fig. 1(b)), the pores are initially filled with a salt solution (10 mM) without

particles. As we introduce the second solution (particle suspension in DI water with particle

volume fraction ≈ 2.6× 10−4) after an air plug (for details, see experimental protocol), the

particles move into the pores starting at time t = 0. The entrainment experiments are

typical of recent research in diffusiophoresis.8,15 In the compaction experiments (Fig. 1(c)),

the pores are initially filled with particles suspended in a high concentration salt solution

(1 mM), and a low concentration salt solution (0.1 mM) is introduced in the main channel

(t = 0). For all choices of electrolyte, the diffusiophoretic motion generated moves particles

further into a pore; for the compaction experiments, the total particle number is conserved.

Images of representative entrainment and compaction experiments are shown in Fig. 2(a-c:

entrainment; e-g: compaction). For both types of experiments we measure the fluorescence

intensity of the particles, which is a proxy for particle concentration, along the length of the

pores and plot the gray value (Fig. 2(d, h)). Note that the concentrations of salts used in

the two configurations are different from each other.

There are advantages and disadvantages to the two experimental configurations. Since

the data for the entrainment experiment (Fig. 2(d)) shows a clear maximum at every time

point, it enables a more accurate prediction of the diffusiophoretic velocity as compared to

the compaction experiments where multiple peaks are obtained in the intensity data (Fig.

2(h)). However, in the entrainment experiments, since the number of particles in the pores

increases with time, the theoretical model is singular at the mouth of the pore (see Materials

and Methods). In contrast, for compaction experiments, the area under the curve is constant,

indicative of a fixed number of particles (Fig. 2(h), and Supporting Information), and the

theoretical model does not have a singularity.
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Figure 2: Time sequence of images obtained from (a-c) a typical entrainment and (e-g) a
typical compaction experiment. The aggregate normalized gray value (I/I0) of data from
multiple individual experiments plotted versus length (x) along the pore (d, h), where I0 is
the initial average intensity. (a-c) The pores are initially filled with 10 mM Na2SO4. (e-g)
The pores are initially filled with 1 µm diameter polystyrene particles suspended in 1 mM
Na2SO4. (a, e) At t = 0 s, an air plug separates the pores from the incoming (a) particle
suspension (in DI water) and (e) 0.1 mM Na2SO4 solution. (b-c, f-g) The diffusiophoresis of
polystyrene particles is achieved in the pores. (Scale bars: 250 µm.)

Mathematical Model

In this section, we develop a one-dimensional model to predict the diffusiophoretic motion

of colloidal particles. We define x as the dimension along the length of the pore; see Fig.

2(a). We denote the ion and particle concentrations with c±(x, t) and n(x, t), respectively,

where t is the time after the diffusiophoretic motion begins. We denote the valences of the

ions as z±, where z+ > 0 and z− < 0, and the diffusion constant of ions as D±. We denote

the electrical potential as ψ and kBT
e

is the thermal potential, where kB is the Boltzmann

constant, T is the temperature and e is the charge on an electron.
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As the particle concentration is low in our experiments, we neglect the particle-particle

interactions and assume that the diffusiophoretic mobility of the particles is the same as

that of an isolated particle. Since the particle double layer thickness (1 − 10 nm) is much

smaller than the particle size (1 µm), we also assume that the mobility of the particle is

independent of its size. These conditions enable us to invoke the electroneutrality condition

everywhere. Lastly, we assume that the convective flux of the ions is negligible compared

with the diffusive and the electromigrative fluxes.

Based on the above assumptions, the species balance for the cations and anions is32

∂c±
∂t

= D±
∂2c±
∂x2

+
z±D±
kBT/e

∂

∂x

(
c±
∂ψ

∂x

)
. (1)

Equation (1) is coupled with the electroneutrality condition, or

z+c+ + z−c− = 0. (2)

We can combine Equations (1) and (2) to obtain

∂cs
∂t

= Da
∂2cs
∂x2

, (3)

where cs = c+
|z−| = c−

|z+| and Da is the ambipolar diffusivity, which is given by

Da =
(z+ − z−)D+D−
z+D+ − z−D−

. (4)

As is evident from Equation (4), Da is significantly influenced by the valence of the ions.

For z : z electrolytes, Da = 2D+D−
D++D−

.

We can write a transport equation for the particles as

∂n

∂t
+

∂

∂x
(upn) = Dp

∂2n

∂x2
, (5)
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where up is the diffusiophoretic velocity of the particles and Dp is the particle diffusivity. In

electrolyte solutions, up is given by

up = DDP
d log cs
dx

, (6)

where DDP is the diffusiophoretic mobility of the colloidal particles.33

Before proceeding further, we non-dimensionalize the variables as X = x
`
, τ = tDa

`2
, and

Ψ = ψ
kBT/e

, where ` is the length of the pore. Equations (3) and (5) become

∂cs
∂τ

=
∂cs
∂X2

, (7a)

∂n

∂τ
+
DDP

Da

∂

∂X

(
n
∂ log cs
∂X

)
=
Dp

Da

∂2n

∂X2
. (7b)

We note that Equations (7a) - (7b) are governed by two dimensionless parameters DDP

Da
and

Dp

Da
. Based on our recent theoretical work on diffusiophoresis of multivalent electrolytes, 13

the diffusiophoretic mobility DDP is given as

DDP =
ε(kBT/e)

2

µ

(
βΨD +

1

2

∫ ΨD

0

∫ Ψ0

0
(z+ exp(−z−Ψ′)− z+ − z− exp(−z+Ψ′) + z−)1/2 dΨ′

(z+ exp(−z−Ψ0)− z+ − z− exp(−z+Ψ0) + z−)1/2
dΨ0

)
,

(8)

where ΨD is the dimensionless zeta potential (i.e., the potential drop across the double

layer), µ is the viscosity of the electrolyte solution, ε is the electrical permittivity of the

solution, and β =
D+ −D−

z+D+ − z−D−
. The term containing β is the electrophoretic contribution

to diffusiophoresis and the remaining term is the chemipohoretic contribution. Both of these

contributions are influenced by the choice of ion valence.

Equations (7) - (8) are solved with cs(X, 0) = 1, ∂cs
∂X

∣∣
X=1

= 0, and cs(0, τ) = c0, where

cs has been appropriately scaled. For entrainment experiments, n(X, 0) = 0, ∂n
∂X

∣∣
X=1

= 0

and n(0, τ) = 1, where n has been appropriately scaled. For compaction experiments,

n(X, 0) = 1, ∂n
∂X

∣∣
X=1

= 0 and n(0, τ) = 0. The numerical solution procedure and parameter

values are discussed below in the Computational Method subsection. We tabulate the values
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of Da and DDP for the electrolytes used in our study in Table 2.

Table 2: This work examines six ubiquitous electrolytes with a variety of valences. The Da

values were calculated from Equation (4) and DDP values were calculated from Equation (8).
The ion diffusivity values were obtained from Velegol et al.33

Salt D+ × 10−9[m2/s] D− × 10−9[m2/s] Da × 10−9[m2/s] DDP × 10−9[m2/s] DDP

Da

NaCl 1.33 2.03 1.6 0.73 0.46
Na2SO4 1.33 1.07 1.2 0.37 0.31
CaCl2 0.793 2.03 1.3 0.49 0.38
CaSO4 0.793 1.07 0.90 0.26 0.29
MgCl2 0.705 2.03 1.2 0.53 0.44
MgSO4 0.705 1.07 0.85 0.28 0.33

Computational Method

Equation (7a) can be solved analytically to obtain a series solution, given as

cs(X, τ) = c0 + (1− c0)
∞∑
k=0

2

λk
sin(λkX) exp

(
−λ2

kτ
)
, (9)

where λk = (2k + 1) π
2
. This solution is used to numerically evaluate ∂ log cs

∂X
. Finally, we

numerically integrate Equation (7b) using the method of lines to evaluate n(X, τ). The

values of the physical parameters used are ` = 500 µm, µ = 10−3 Pa·s, ε = 7 × 10−10

F/m, Dp = 2 × 10−13 m2/s, and kBT/e = 25 mV (assuming T = 298 K). In entrainment

experiments, DI water is used in the main channel, or c0 = 0 (Table 1). However, due to the

singularity in evaluating ∂ log cs
∂x

at c0, we set c0 = 10−3 to model entrainment experiments.

We choose a sufficiently small c0 to ensure that Xpeak is independent of c0 (see Supporting

Information). c0 = 0.1 is used to model compaction experiments (see Table 1). The values of

D+ and D− are provided in Table 2. A value of ΨD = −2 is used for calcium and magnesium

salts, whereas ΨD = −3 is used for sodium salts.34
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Figure 3: The peaks identified from the experimental time series data were plotted as a func-
tion of time and compared with predictions from theory. The shaded region represents the
standard deviation. The model (Equation (7b), represented by solid lines) is an overestimate
of the peak position achieved by the particles in the entrainment experiments (a-c), and an
underestimate for the compaction experiments (d-f). In all cases, the chloride salts travel
further than the sulfate salts in the same time interval. Note that every fourth experimental
point was plotted for clarity.

Discussion

To understand the influence of electrolyte valence on the diffusiophoretic motion of the

particles, we define Xpeak(t) =
xpeak
`

as the location of the global maximum in an intensity

plot (see Figs. 2(d), 2(h)). Similarly, we obtain Xpeak(t) from the mathematical model by

numerically evaluating the location of the maximum in n(X, τ). We report Xpeak(t) for the

six different electrolytes and for both entrainment and compaction experiments in Fig. 3.

We observe that the diffusiophoretic movement of particles in the presence of sulfate salts,
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i.e., CaSO4, MgSO4 and Na2SO4, is slower than in the presence of the corresponding chloride

salts, i.e., CaCl2, MgCl2 and NaCl. This is observed in both entrainment (Fig. 3(a-c)) and

compaction experiments (Fig. 3(d-f)). We find that our model is in qualitative agreement

with experimental data and is able to capture the differences between sulfate and chloride

salts without any fitting parameters.

We seek to understand the physics that gives rise to a slower diffusiophoretic movement

in sulfate salts as compared to chloride salts. Firstly, we note that since Dp

DDP
= O(10−3),

particle diffusivity has a negligible effect on the motion of the particles. To determine the

value of Xpeak without numerically solving Equations (7)-(8), we assume that the channel

is semi-infinite, or 0 ≤ X ≤ ∞. We introduce a similarity variable of the form η = X√
4τ

to

transform Equations (7a) and (7b) as

2η dCs

dη
+ d2Cs

dη2
= 0, (10a)(

2η − DDP

Da

d logCs

dη

)
dN
dη
− DDP

Da
N
d2 logCs
dη2

+ Dp

Da

d2N
dη2

= 0, (10b)

where Cs(η) = cs(X, τ) and N(η) = n(X, τ). Equation (10a) is subjected to boundary

conditions Cs(0) = c0 and Cs(∞) = 1, and thus yields the solution

Cs(η) = c0 + (1− c0)erf(η), (11)

where erf(η) is the error function. Equation (10b) is subject to boundary conditions N(0) = 1

andN(∞) = 0 for the entrainment scenario, and N(0) = 0 and N(∞) = 1 for the compaction

scenario. Using the result from Eq. (11), we numerically solve Equation (10b) by using the

finite-difference method.

The dependence of N(η) for the entrainment scenario and different values of DDP

Da
is

provided in Fig. 4(a). We observe that ηpeak, i.e., the η where N is maximum, increases

with increasing DDP

Da
. This trend implies that an increase in diffusiophoretic mobility leads
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Figure 4: Overview of the predictions of Equation (10b). (a) N(η) for different DDP

Da
. We

define ηpeak as the location where N(η) is maximum. (b) Variation of the ηpeak for different
DDP

Da
. The results were calculated for fixed values of Dp

Da
= 10−4 and c0 = 10−3.

to deeper penetration of particles. The dependence of ηpeak on DDP

Da
is presented in Fig. 4(b).

We emphasize that ηpeak is a function of DDP

Da
and thus changes for different electrolytes.

We plot 2ηpeak

√
τ against Xpeak (recall that η = X√

4τ
); see Fig. 5. We observe reasonable

collapse of the theoretical results (Equation (7b), Fig. 5(a)) as well as of the experimental

results (see Fig. 5(b)) for all of the different electrolytes. We acknowledge that the collapse

of the experimental data is qualitative. However, it does enable us to highlight the relative

importance of the diffusiophoretic mobility and the ambipolar diffusivity.

For the electrolytes used in our study, i.e., NaCl, Na2SO4, CaCl2, CaSO4, MgCl2 and

MgSO4, DDP

Da
varies between 0.28 and 0.45. Therefore, ηpeak is roughly constant for the

different electrolytes (see Fig. 4(b)) and the diffusiophoretic motion is dominated by τ =

Dat
`2

. Physically, Da dictates the timescale at which the concentration gradient of electrolyte

evolves, which in turn sets the diffusiophoretic motion. We highlight that cation and anion

valences influence Da (see Equation (4)), and thus ion valences can be exploited to tune the

diffusiophoretic motion of the particles.
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Figure 5: Collapse of Xpeak versus 2ηpeak

√
τ for different electrolytes for (a) the model

(Equation (7b)) and (b) the experimental data; τ = tDa

`2
. The data presented here is obtained

from the entrainment experiments.

Conclusions

In conclusion, we investigated the diffusiophoretic motion of 1 µm diameter polystyrene

particles in six different electrolytes with different cation and anion valences. We observed

that chloride salts lead to faster diffusiophoretic motion than the sulfate salts for both

entrainment and compaction experiments. We developed a mathematical model that is

able to predict the behavior of the distribution of the colloidal particles without any fitting

parameters.

Our analysis highlights that the ambipolar diffusivity, which is a function of ion diffusivi-

ties and valences, dominates the time scale of diffusiophoretic motion. Therefore, ion valence

can be exploited to tune the diffusiophoretic focusing of particles,7,14 manipulate the motion

of active colloidal particles,27 and measure the zeta-potential of charged species,34 among

other applications. Our results will motivate future fundamental research of diffusiophoresis,

and more broadly electrokinetics,35,36 with mixtures of multivalent electrolytes.
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Associated Content

Supporting Information – Discussion of difficulties working at high concentration, demon-

stration of the nearly-constant intensity of compaction experiments, data analysis for Figure

3, discussion of the effect of the concentration ratio on diffusiophoretic motion of particles,

and videos.
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