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External and Intraparticle Diffusion of Coumarin 102 with Surfactant in the
ODS-silica Gel/water System by Single Microparticle Injection and Confocal
Fluorescence Microspectroscopy
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The release mechanism of coumarin 102 from a single ODS-silica gel microparticle into the water phase in the presence
of Triton X-100 was investigated by confocal fluorescence microspectroscopy combined with the single microparticle
injection technique. The release rate significantly depended on the Triton X-100 concentration in the water phase and was
not limited by diffusion in the pores of the microparticle. The release rate constant was inversely proportional to the
microparticle radius squared, indicating that the rate-determining step is the external diffusion between the microparticle
and the water phase.
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Introduction
Kinetic analysis of mass transfer of a solute between a porous
material and the surrounding solution phase is significant for
understanding chromatography, solid phase extraction, drug
delivery systems, soil remediation, and so forth.1–4 The mass
transfer in the porous material/solution system has been often
analyzed in terms of diffusion in pores of the material.5–10
However, analysis of the mass transfer mechanism is generally
difficult. As an example, mass transfer in a porous particle/
solution system consists of several elementary processes such as
adsorption/desorption at the pore walls, mass transfer in the
surrounding solution (external mass transfer), and diffusion in
the pore solution (pore diffusion) and along the pore walls
(surface diffusion). The overall mass transfer rate depends on
the particle size, the interparticle distance, and so on. Direct
measurements of the individual elementary processes are
necessary for the analysis of the mass transfer mechanism in the
porous material/solution system.5,6,9,11,12
Mass transfer of a dye between a porous microparticle and the
surrounding solution phase was analyzed by single microparticle
injection and absorption microspectroscopy.6,13 In the single
microparticle/solution system, external mass transfer between
the microparticle and the bulk solution is steady-state spherical
diffusion so that analysis of the external mass transfer is
simplified.
Using the single microparticle injection and
absorption microspectroscopy, time course of the concentration
of a water-soluble dye such as rhodamine 6G and bromophenol
blue in the single microparticle was measured and the mass
transfer mechanism of the dye between the microparticle and
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the solution could be analyzed from the sorption or release
rates.14–16 In those reports, as the mass transfer rate in the
microparticle/solution system was assumed to be limited by the
intraparticle diffusion, the intraparticle diffusion coefficient (Dp)
was estimated. When the supposed Dp value was independent
of the microparticle diameter (d), the intraparticle diffusion was
analyzed in detail on the basis of the pore and surface diffusion
model.14–16 For mass transfer of perylene as a water-insoluble
organic compound in the presence of Triton X-100 (nonionic
surfactant) in an ODS-silica gel/water system, however, the
supposed Dp value depended on d, indicating that the mass
transfer rate cannot be analyzed as the intraparticle diffusion.17
From the d dependence of mass transfer rate, we concluded that
the rate-determining step was the micelle-mediated solubilization
of the dye at the microparticle surface.17 Kinetic analysis of
complicated mass transfer in a porous microparticle/solution
system may be difficult to achieve by single microparticle
injection and absorption microspectroscopy alone.
In the present report, we have developed confocal fluorescence
microspectroscopy combined with the single microparticle
injection technique for analysis of the release of coumarin 102,
as a poorly water-soluble organic compound, from an ODSsilica gel microparticle into water in the presence of Triton
X-100. Since the confocal fluorescence microspectroscopy
possesses three-dimensional spatial resolution,11,18,19 different
from absorption microspectroscopy, distribution of the
fluorescent dye in the microparticle interior was analyzed and
the mass transfer behavior of the dye could be directly observed.
The kinetic analysis of the mass transfer of the organic
compound in the porous microparticle/water system in the
presence of the surfactant will be important for understanding
elementary processes for soil remediation and micellar liquid
chromatography.20–23 We show the potential of the single
microparticle
injection
and
confocal
fluorescence
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microspectroscopy and discuss the release mechanism of
coumarin 102 from ODS-silica gel into water in the presence of
Triton X-100.

Experimental
Spherical ODS-silica gel (Wako Pure Chemical Industries,
Wakosil40C18: d = 30 – 50 μm; surface area, 330 m2 g–1; pore
diameter, 12 nm; pore volume, 1.0 cm3 g–1), coumarin 102
(Wako Pure Chemical Industries, laser grade), N,Ndimethylformamide (Wako Pure Chemical Industries, JIS
Special Grade), and Triton X-100 (Sigma-Aldrich, Laboratory
Grade, average molar weight: 625 g/mol) were used without
further purification. Water was used after deionization and
distillation (Yamato Scientific, Auto Still WG203). ODS-silica
gel was soaked in a dimethyformamide/water (1:1) solution and
stored for over a day.
For release rate measurements by confocal fluorescence
microspectroscopy, several ODS-silica gel microparticles in the
dimethyformamide/water solution were dispersed into an
aqueous solution containing coumarin 102 (~10–6 mol dm–3) and
Triton X-100 (0 – 2 mmol dm–3) and left for over a week at
25°
C. Using a microcapillary manipulation/injection system
(Narishige, MN-151/IM-16), the single microparticle sorbing
the coumarin 102 and Triton X-100 was injected into an aqueous
solution containing Triton X-100 with the same concentration in
the aqueous solution before injection, and then three-dimensional
spatially resolved fluorescence measurements of the single
microparticle were performed by a confocal fluorescence
microscope (Olympus, FV 1000-D) at room temperature
(~25°
C). A CW diode laser beam (405 nm, 0.15 mW) led to the
microscope was focused on the microparticle through an
objective lens (Olympus, UPLSAPO 60xH) and fluorescence of
425 – 525 nm was detected. Confocal aperture size was
100 μm.
For distribution coefficient measurements, several ODS-silica
gel microparticles in the dimethyformamide/water solution were
dispersed into an aqueous solution containing coumarin 102
(10–6 – 10–5 mol dm–3) and Triton X-100 (0 – 2 mmol dm–3)
using the microcapillary manipulation/injection system, and left
for over a week at 25°
C. The distribution coefficient (Ke) was
determined through the dye concentration measurements in the
microparticle and the water phase. Absorption spectra of the
dye in the individual microparticles and the water phase were
measured by absorption microspectroscopy and conventional
absorption spectroscopy, respectively.6

Results and Discussion
Fluorescence intensity profile measurements in a single
microparticle
Coumarin 102 has been known as a solvatochromic dye and
the fluorescence maximum wavelength (λmax) of coumarin 102
depends on the microenvironment surrounding the dye. In
single ODS-silica gel microparticles, λmax was determined to
be 464 nm in the absence of Triton X-100 and that decreased
when increasing the Triton X-100 concentration in the water
phase ([Triton X-100]w) (456 nm at [Triton X-100]w = 0.05
mmol dm–3). For release rate measurements, coumarin 102,
sorbed into an ODS-silica gel microparticle in an aqueous Triton
X-100/coumarin 102 solution, was released into an aqueous
Triton X-100 solution of the same [Triton X-100]w as that for
the sorption without coumarin 102. As λmax was independent of

Fig. 1 Time dependence of fluorescence depth profile of coumarin
102 in a single ODS-silica gel microparticle (d = 40 μm) injected into
an aqueous 2 mmol dm–3 Triton X-100 solution.

the release time, the amount of the Triton X-100 sorbed in the
ODS-silica gel is expected to be constant during the release rate
measurement.
Fluorescence intensity distribution of coumarin 102 in an
ODS-silica gel microparticle was measured by the confocal
fluorescence microscope. The depth (longitudinal (Z) axis)
dependence of the fluorescence intensity of a circle with 4.1 μm
radius as a lateral (XY axes) area was analyzed from lower part
to upper part of the spherical microparticle along the central
axis. Figure 1 shows the time (t) course of the fluorescence
depth profile of the dye in a single microparticle. For the
fluorescence intensity profile measurements, the absorbance of
the dye in the single microparticle at 405 nm was less than
0.002 so that the exciting laser light intensity is assumed to be
constant, independent of the depth position. The fluorescence
intensity decreased with t.
If a release rate of the dye is limited by diffusion in the
microparticle, the fluorescence intensity near the microparticle
surface is smaller than that in the particle interior due to the
concentration gradient in the microparticle.11 However, as
shown in Fig. 1, the fluorescence intensity in the microparticle
was almost constant at a t, indicating that the intraparticle
diffusion rate is much greater than the release rate. These
characteristic features were observed for the release of coumarin
102 from ODS-silica gel into water in the presence and absence
of Triton X-100. In the present system, the intraparticle
diffusion is not the rate-determining step of the dye release.
Release rate of coumarin 102
The total fluorescence intensity was calculated from the
fluorescence depth profile. Figure 2 shows the time dependence
of the total fluorescence intensity (It(t)) in the ODS-silica gel.
The It(t) curve significantly depended on [Triton X-100]w. In
the perylene/ODS-silica gel system, perylene as a waterinsoluble dye was not released from ODS-silica gel in the
absence of Triton X-100.17 However, coumarin 102 is slightly
soluble in water so that the dye was slowly released from ODSsilica gel without Triton X-100.
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Fig. 2 Time dependence of total fluorescence intensity of coumarin
102 in single ODS-silica gel microparticles injected into aqueous
Triton X-100 solutions of 0 (d = 40 μm), 0.01 (d = 38 μm), 0.2 (d =
42 μm), and 2 mmol dm–3 (d = 39 μm).

Fig. 3 Dependence of kobs on rp–2 for single microparticles injected
into aqueous Triton X-100 solutions of 0.01, 0.2, and 1 mmol dm–3.

Since logarithmic It(t) linearly decreased with t (Fig. 2), It(t)
was analyzed on the basis of the first-order reaction type
equation: It(t) = I0 exp(–kobst), where kobs and I0 are the observed
release rate constant and the total fluorescence intensity at t = 0,
respectively. Figure 3 shows the microparticle radius (rp)
dependence of kobs. When kobs is directly proportional to rp–1, the
release rate is governed by a process at the spherical microparticle
surface.24–26 In the perylene/ODS-silica gel system in the
presence of Triton X-100, kobs measured by absorption
microspectroscopy of single microparticles was directly
proportional to rp–1, and the release of perylene from ODS-silica
gel was observed at [Triton X-100]w greater than the critical
micelle concentration (cmc, 0.2 mmol dm–3).27,28 Therefore, the
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Fig. 4 Relationship between distribution coefficient (Kk and Ke) and
[Triton X-100]w.

process at the spherical surface was expected to be micellemediated solubilization of perylene by Triton X-100.17 In the
coumarin 102/ODS-silica gel system, however, the release of
the dye was observed at [Triton X-100]w smaller than cmc, and
kobs was not directly proportional to rp–1. Therefore, the ratedetermining step of the release for coumarin 102 is not the
process at the spherical microparticle surface. As shown in
Fig. 3, kobs is expected to be directly proportional to rp–2.
When a mass transfer rate constant between a spherical
microparticle and the surrounding solution is directly
proportional to rp–2, the rate-determining step has been reported
to be diffusion in the solution near the microparticle (external
diffusion). According to the external diffusion-limited model,
kobs is given by the equation: kobs = 3Dw/(rp2Kk), where Dw is the
diffusion coefficient of coumarin 102 in water, and Kk is the
distribution coefficient of the dye between the ODS-silica gel
and water.24,26 In this model, contribution of another phase such
as a micelle phase is excluded. Using the known Dw value
(6 × 10–6 cm2 s–1),29 Kk was calculated from the slope of the kobs
versus r–2 plot (Fig. 3). As shown in Fig. 4, the calculated Kk
decreased with the increasing [Triton X-100]w and remained
constant at ~3 × 103.
A distribution coefficient of coumarin 102 between the ODSsilica gel and the water phase (Ke) was experimentally
determined from the dye concentrations in a single microparticle
(Cp) and the water phase (Cw) at the distribution equilibrium
(Fig. 4). In this case, Ke is defined as Ke = Cp/(εpCw), where εp
is the porosity of the ODS-silica gel (0.69).15 The Ke value
agreed very well with Kk at [Triton X-100]w smaller than
~0.2 mmol dm–3 within the experimental errors. However, Ke
was much less than Kk at [Triton X-100]w = 1 and 2 mmol dm–3.
At [Triton X-100]w greater than cmc (0.2 mmol dm–3), the
micelle exists in the water phase. At [Triton X-100]w = 1 and
2 mmol dm–3, Cw was the sum of the amount of the dye
molecules in both the water and the micelles, so the Ke value
will be less than Kk. Since the concentration of monomer Triton
X-100 in the water is ~0.2 mmol dm–3 at [Triton X-100]w >
cmc, the estimated Kk value will be almost constant at [Triton
X-100]w > ~0.2 mmol dm–3. We consider that kobs can be
successfully analyzed by the external diffusion-limited model,
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and the rate-determining step of the coumarin 102 release from
the ODS-silica gel is the external diffusion.
External and intraparticle diffusion
The external (vw) or intraparticle diffusion rate (vp) in the
vicinity of the microparticle surface is given by vw = DwCw/rp or
vp = DpCp/rp, respectively. In the present system, vp/vw = DpεpKe/
Dw will be much greater than unity, namely, Dp >> Dw/(εpKe).
As Ke = 5 × 103, Dp is estimated to be much greater than 2 ×
10–9 cm2 s–1. According to the pore and surface diffusion model,
on the other hand, Dp is given by the equation for Ke >> 1: Dp =
DwH/{τp(1+Ke)}+Ds/τs,14,30 where H is the hindrance parameter
and estimated to be 0.69 by the Renkin equation as the coumarin
102 diameter is 1 nm.31 Ds is the surface diffusion coefficient of
coumarin 102. The value of τp or τs is the tortuosity for the pore
or surface diffusion in the ODS-silica gel, respectively, and has
been reported to be ~2.32 The first and second terms of the
equation for Dp correspond to the pore and surface diffusion,
respectively. If contribution of the surface diffusion is negligibly
small, Dp is calculated to be ~4 × 10–10 cm2 s–1 as Ke = 5 × 103.
The Dp value is much smaller than that estimated from vp/vw.
Therefore, we consider that the Ds value is much greater than
2 × 10–9 cm2 s–1.

Conclusions
Release of coumarin 102, as a poorly water-soluble organic
compound, from the ODS-silica gel was kinetically analyzed
using single microparticle injection and confocal fluorescence
microspectroscopy. By the time dependence of the fluorescence
depth profile in the single microparticle, we could directly
demonstrate that the release rate is not governed by the
intraparticle diffusion. The rp dependence of kobs could be
analyzed on the basis of the diffusion-limited model between
the microparticle surface and the surrounding solution phase.
We concluded that the rate-determining step is the external
diffusion and the rate of the surface diffusion in the microparticle
is much faster than that of the external diffusion. The confocal
fluorescence microspectroscopy combined with the single
microparticle injection technique will be indispensable for the
kinetic analysis of mass transfer in the porous microparticle
system.
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