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1. Introduction

Investigation of fluid diffusion kinetics in
nanochannels using micro-Raman spectrometry

Jingyu Chen, @2 Haowei Lu,? Kecheng Zeng, 3 Haidong Ji
Peixue Jiang @2 and Ruina Xu @ *2

Fluid diffusion kinetics in nanopores is crucial for energy conversion and utilization but influenced by
complex pore structure and fluid-wall interactions. Traditional experiments are difficult to decouple
diffusion in nanopores and micron-pores, molecular simulations are time-consuming when handling pores
with diameters larger than 10 nm, and nanofluidic experiments via conventional optical methods face
challenges in measuring fluid concentrations. Here, we report a novel Concentration Decay Method
combining nanofluidics and microscopic Raman spectroscopy to investigate diffusion in nanochannels. A
“channel-channel-cell” chip design enables real-time detection of fluid concentrations in microcells and
measurement of diffusion coefficients in nanochannels, and a self-made temperature control module
enables precise adjustment of fluid temperature. By this method, interdiffusion experiments of an
n-octane-1-octene mixture and n-octane-cyclooctane mixture in nanochannels (depths = 21-173 nm) are
conducted to explore oil diffusion in shale. We report that the oil diffusion in nanochannels still conforms
to Fick's diffusion law, and the diffusion coefficients in channels with a minimum depth of 21 nm and at
different temperatures (295-383 K) exhibit no obvious deviation from the bulk phase, suggesting that fluid-
wall interactions have no significant effect on diffusion kinetics in our experiments. The consistency of the
experimental results and classical predictions also validates the reliability of our Concentration Decay
Method, which fills the gap in research on fluid diffusion in nanopores and has promising application
prospects. Diffusion in nanochannels with more types of fluids, more complex channel structures and
smaller depth of the channel can be furthered investigated by this method.

Previous studies on fluid diffusion in nanoporous
materials with average pore diameters ranging from 0.1 to 10

Shale oil is a type of globally abundant unconventional oil
resource that has received significant attention in recent
years, demanding a thorough understanding of fluid
transport in shale reservoirs.'™ Specifically, diffusion
processes driven by fluid concentration gradients are
prevalent during primary oil migration in kerogen,® in situ
conversion of organic matter,” and gas injection for enhanced
oil recovery.®” Compared to conventional oil reservoirs, shale
reservoirs typically have nanopores with diameters less than
100 nm.**® The diffusion kinetics in nanopores is more
complicated than that at the macroscopic scale due to strong
fluid-wall molecular interactions and a large surface-to-
volume ratio.""
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nm have reported abnormal diffusion kinetics compared to
Fick's law, which is highly sensitive to the pore structures
and fluid types.'>'® For example, Zeng et al found the
restricted diffusion kinetics of CO, and methane in organic
nanopores due to nanoconfinement and competitive
adsorption; in contrast, Yuan et al. reported hyperloop-like
diffusion of long-chain alkanes in zeolites with faster kinetics
due to linear orientation of alkane molecules.">"® For
diffusion in shale nanopores, the pore size ranges from sub-
nm to sub-100 nm, and the pore shape and connectivity vary
spatially; besides, shale oil is a mixture of multi-component
hydrocarbons with various molecular structures. Hence, the
more complex pore structures and fluid types make diffusion
in shale nanopores more complex.

Traditional core-scale experiments have been conducted to
reveal macroscopic diffusion behaviors in shale porous
media. Yuan et al. investigated methane diffusion and
adsorption behaviors in shale cores with a bimodal pore size
distribution and found that the diffusion kinetics can be
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described by a bidisperse model related to the pore size
distribution."® Wanyan et al. conducted an experiment on
propene diffusing into initially oil-saturated shale cores with
different permeability and reported a positive correlation
between the apparent diffusion coefficient and the core
permeability, which was speculated due to more tortuous
diffusion  paths."” However, core-scale experiments
investigate the averaged fluid diffusion behaviors by treating
the complex shale porous media as a whole, so it is difficult
to decouple the diffusion kinetics in nanopores and micron-
pores and analyze its influencing factors including pore
structure and fluid-wall interactions.

Molecular-scale simulations are an alternative method to
unveil the essence of fluid diffusion in shale nanopores.
Simulations of chain-like alkane transport in smooth
nanoslits or nanopores have shown that near-wall alkane
molecules strongly affected by fluid-wall interactions tend to
align parallelly in layers."®' The unique characteristics of
near-wall fluid molecules lead to deviated local self-diffusion
coefficients, especially in the direction normal to the pore
wall.>*** However, limited by computing power, the pore
sizes in these simulations generally do not exceed 10 nm. For
pores with diameters ranging from 10 to 100 nm, there is
currently no reliable method to investigate fluid diffusion
kinetics within.

Thanks to the advancements in lithography, etching, and
bonding technologies, it is now feasible to investigate fluid
transport in nanopores by visualized experiments on
nanofluidic chips with feature sizes reaching down to 10 nm
scale. Recently, progress on flow kinetics and phase
behaviors in shale reservoirs has been made based on
nanofluidic experiments.>**° Nanofluidic chips can be
further combined with temperature control modules to
achieve precise control of fluid temperature.** However,
nanofluidic studies on fluid diffusion are limited due to the
difficulty of measuring the concentration of diffusing solute.
Balducci et al. conducted an experiment on double-stranded
DNA confined diffusion in nanochannels; Yang et al. studied
single-file diffusion of protein molecules in a nanopore array;
Zhong et al. reported slower diffusion kinetics of Rhodamine
B nanoparticles in an 8 nm-deep nanochannel than
predicted.*** These mentioned studies quantitively
measured the concentration of diffusing solutes by their
fluorescence intensity; however, the majority of fluids in
shale reservoirs are transparent and lack fluorescence
signals, making it difficult to measure their concentration by
conventional optical methods.

Raman spectroscopy is a reliable technique for non-
destructively obtaining compositional information of
substances, and can be employed to analyze real-time
variation of micro-scale substance composition when
combined with a microscope.®***> Based on characteristic
Raman peaks, fluid types with different functional groups or
chemical bonds can be easily distinguished. Furthermore,
quantitative measurement of fluid concentration can be
achieved by normalizing Raman peak intensities or
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areas,”®*® enabling investigation on diffusion kinetics in
microfluidic or nanofluidic chips. To date, studies using
Raman spectroscopy for diffusion in microchannels have
been reported,®®**° but no nanofluidic experiment on
diffusion in nanochannels has been reported yet. Raman
spectroscopy necessitates a trade-off between small sampling
intervals and high signal-to-noise ratios, while the Raman
signal of fluid in nanochannels is typically too weak for real-
time concentration measurement. Therefore, nanofluidic
studies on diffusion in nanochannels still require a design of
experimental system and methods.

In this work, we report a novel Concentration Decay
Method combining nanofluidics and microscopic Raman
(micro-Raman) spectroscopy to investigate fluid diffusion in
nanochannels. A “channel-channel-cell” structure in
nanofluidic chips is specifically designed for detecting
diffusion kinetics in nanochannels, and a temperature
control module is made for adjustment of fluid temperature.
Experiments on hydrocarbon interdiffusion in nanochannels
(depths = 21-173 nm) at different temperatures (295-383 K)
are conducted. N-Octane, 1-octene and cyclooctane are
selected as interdiffusion fluids. Diffusion coefficients in
nanochannels are obtained and discussed.

2. Materials and method
2.1 Design and fabrication of nanofluidic chips

Each nanofluidic chip consists of 9 nanochannels (depths =
21, 37, 52, 85, 115, 173 nm, width = 5 pm, lengths = 100, 300,
1000 pm), 9 microcells (cube-shape, side length = 10 um), 1
microchannel (depth = 10 pm), 2 reservoirs and 1
thermocouple channel (depth = width = 150 um), as shown
in Fig. 1la and b. One end of the nanochannels is
perpendicularly connected to the microchannel and the other
to the microcells, and the “channel-channel-cell” structure is
formed. The ends of the microchannel are connected to the
reservoirs. The reservoirs are connected to the external
pipelines. The end of the thermocouple channel is only 100
pum away from the microcells.

The schematic of the interdiffusion process in a
nanochannel is illustrated in Fig. 1c. There is a concentration
gradient between the microchannel and microcell leading to
interdiffusion. The real-time variation of fluid concentrations
in the microcells during interdiffusion is characterized by
Raman spectroscopy, and thus the diffusion kinetics in
nanochannels can be indirectly detected.

The nanofluidic chip features a silicon-glass dual-layer
structure. The fabrication procedures, as illustrated in
Fig. 1d, are similar to those reported in the literature,*”*"*?
including photolithography, dry etching, surface thermal
oxidation, and anodic bonding. First, the patterns of
nanochannels and microchannels are defined on the
photoresist through photolithography. Subsequently, these
patterns are etched onto a single-crystal silicon wafer
(thickness = 500 pum) using reactive ion etching (RIE). The
photolithography and etching processes for nanochannels

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Design and fabrication of nanofluidic chips. (a) Top-view diagram of nanofluidic chips showing the “channel-channel-cell” structure. (b)

Optical microscopy image of the experimental section. (c) Schemat

ic depicting the interdiffusion process in a nanochannel. (d) Fabrication

procedures of nanofluidic chips. (e) and (f) Three-dimensional surface morphology and a cross-sectional profile of a 21 nm deep nanochannel
obtained by AFM; (g) SEM image revealing the cross-section structure of a 37 nm deep nanochannel on a bonded chip.

and microchannels are performed separately. Following this,
a thermal oxidation step is conducted to grow a silicon oxide
layer (thickness = 300 nm) on the silicon surface. A
borosilicate glass substrate (thickness = 500 um,

This journal is © The Royal Society of Chemistry 2025

BOROFLOAT® 33) serves as the chip cover. Prior to bonding,
the silicon wafer and glass substrate are cleaned with piranha
solution (a 3:1 mixture of 98% H,SO, and H,0,). The surface
morphology of the etched nanochannels is characterized
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using atomic force microscopy (AFM), revealing a root mean
square roughness (Ra) of approximately 0.7 nm at the
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Fig. 2 Micro-Raman experimental system. (a) and (b) Schematic illustration and photograph of the experimental system. (c) and (d) Schematic
illustration and photograph of the temperature control module. (e) Setting of three temperature measurement points. (f) A heating test showing
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custom-developed anodic bonding platform. The cross-
sectional view of a bonded nanochannel, observed via
scanning electron microscopy (SEM), is presented in Fig. 1g,
confirming that the upper and lower surfaces are aligned
reasonably parallel.

2.2 Experimental system

The experiments are conducted on a micro-Raman

experimental system, which consists of nanofluidic chips, a
chip holder, a confocal microscope, a camera, a Raman
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Fig. 3 Calibration between Raman spectral signals and fluid concentrations. (a) Raman spectra of pure n-octane, 1-octene and cyclooctane. (b)
and (c) Raman spectra of binary mixtures of n-octane and 1-octene with different xjoctene, and of binary mixtures of n-octane and cyclooctane with
different xycs. (d) and (e) The linear relationship between A;640/A1450 and Xioctene: aNd between A7qo/A1450 and Xeycs.
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spectrometer, a mercury lamp, a laser light source, auxiliary
pumps, and a temperature control module, as depicted in
Fig. 2a and b. The nanofluidic chips are fixed in a self-made
holder, which is then fixed on the specimen stage of the
confocal microscope (Nikon Ti2-U). The mercury lamp and
camera are used to locate and focus on the position where
Raman spectra need to be collected. The laser light source
with a wavelength of 532 nm and a power of 100 mW is used
for Raman spectra excitation. The Raman spectrometer (HRS-
300S) collects spectra at the position of the microcells on
chips during the interdiffusion process with a wavenumber
resolution of 0.2 cm™ and a spatial resolution of 1 um. The
auxiliary pumps, including a vacuum pump and a plunger
pump, are used to establish the initial fluid distribution in
the chips prior to the beginning of interdiffusion.

The self-made temperature control module can be
installed on the chip holder, as depicted in Fig. 2c and d.
The working principle of the module is to use a copper
heating block embedded with cartridge heaters and closely
adhering to the experimental section of the nanofluidic chip
to heat the interdiffusion fluid. T-type thermocouples with a
diameter of 100 pm inserted into the thermocouple channel
on the chip are used to monitor the real-time fluid
temperature. A PID controller is used to control the switch of
the heating circuit to adjust temperature. To reduce the
contact thermal resistance between the cartridge heater and
the heating block, between the heating block and the chip,
and between the thermocouple and the thermocouple
channel, the gaps between the above-mentioned solid
surfaces are all filled with high-temperature resistant thermal
grease.

To demonstrate that the thermocouple inside the chip can
reflect the fluid temperature, three thermocouples are
respectively fixed in a hole 0.5 mm away from the bottom of
the copper block, in the thermocouple channel and on the
glass surface, and the three measurement points are
vertically aligned, as shown in Fig. 2e. When the system is
heated to about 473 K for test, it is found that Teopper -
Tehannel = 1.5 K and Tepannel = Tsurface = 9.4 K, as shown in
Fig. 2f. The reasons for the temperature difference among
the three measurement points include the thermal resistance
of copper, silicon and glass, the contact thermal resistance
between copper and silicon, and the convective heat transfer
between the surface of the chip and the air. Relatively, the
thermal resistance between the end of the thermocouple
channel and nanochannels can be neglected, thus Tehanne
can best represent the temperature of fluid in nanochannels.

2.3 Fluid properties

N-Octane, 1l-octene and cyclooctane, three representative
components of shale oil, are selected as interdiffusion fluids
due to their distinctly different Raman peaks. As shown in
Fig. 3a, all of three fluids exhibit a Raman peak at about
1450 em™* corresponding to the bending vibration of CH,
and CH; groups, while only 1-octene exhibits a Raman peak
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at about 1640 cm™" corresponding to the stretching vibration
of C=C double bonds, and only cyclooctane exhibits a
Raman peak at about 700 cm " related to vibrations of the
ring chain.”>** Fig. 3a also shows the Raman spectrum of a
vacant microcell, indicating that the background signal from
the nanofluidic chips does not interfere with 700, 1450, and
1640 cm™' Raman peaks. The self-diffusion coefficients of
bulk-phase n-octane, 1-octene and cyclooctane at atmospheric
pressure and 295 K are about 2.2 x 107°, 2.2 x 10~° and 0.52 x
107 m? s, respectively, as reported in the literature.*® The
boiling points of the three fluids at atmospheric pressure are
399, 395 and 424 K, respectively.

2.4 Quantitative measurement of fluid concentration

Calibration between Raman spectral signals and fluid
concentrations is conducted. Although the intensity and area
of Raman peaks are concentration-dependent, it is
inappropriate to directly use their absolute values to
characterize fluid concentrations because of fluctuations of
laser power, focusing position, exposure time and
environmental noise during sampling. Fig. 3b shows the
Raman spectra of binary mixtures of n-octane and 1-octene
with different mole fractions in the bulk phase. The 1640
em™ peaks can be regarded as the “fingerprint” of 1-octene.
However, due to the variation in the focusing position for
each Raman spectrum sampling, the intensity and area of
both 1450 and 1640 cm™ peaks do not follow a strictly linear
relationship with the mole fraction of 1-octene. Normalizing
peak intensity and area can effectively reduce the errors
introduced by these factors.*® In this study, we use the area
ratio of the 1640 cm™ and 1450 cm™" peaks, Ajg40/A1450, tO
characterize the concentrations of n-octane and 1-octene. As
shown in Fig. 3d, Aj640/A1450 increases with increasing mole
fraction of 1-octene, and they exhibit a highly linear
correlation.

Similarly, the 700 cm™ peaks can be regarded as the
“fingerprint” of cyclooctane, and A;oo/A1450 is used to
characterized the concentrations of n-octane and cyclooctane,
which also correlates linearly with the mole fraction of
cyclooctane, as depicted in Fig. 3c and e. Therefore,
calibration between the mole fractions and the characteristic
Raman peaks is achieved via linear fitting:

X1octene = 0.53A41640/A1450 (1)
xcycg = 0.42A700/A1450 [2)

Eqn (1) and (2) can be used for the quantitative measurement
of hydrocarbon concentrations in microcells during
interdiffusion experiments.

2.5 Experimental procedures

The experiments are divided into three series, as shown in
Table 1. Series A and B are designed to investigate diffusion
kinetics in channels with different depths, and the

This journal is © The Royal Society of Chemistry 2025
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Table 1 Series of experiments on interdiffusion in nanochannels
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Series Component #1 Component #2 Variables

A 1-Octene n-Octane Channel depth: 21, 37, 52, 85, 115, 173 nm
B Cyclooctane n-Octane

C 1-Octene n-Octane Temperature: 295, 322, 345, 363, 383 K

interdiffusion components are n-octane and 1-octene,
n-octane and cyclooctane, respectively. Series C is designed to
investigate diffusion kinetics at different temperatures below
the boiling points, and the interdiffusion components are
n-octane and 1-octene.

Prior to the experiments, all chips are prepared as follows:
(1) they are sequentially immersed in acetone, isopropanol,
and deionized water for 12 hours each to remove impurities
from the channels. (2) They undergo 15 minutes of plasma
oxygen treatment to ensure strong wettability of the channel
surfaces.

The experimental procedures are described below: (1)
install the chips with the holder and the temperature control
module (if heating is required), and connect the pipelines.
Set the temperature of the PID controller, and wait until the
temperature of the chip stabilizes. (2) Then, connect the
pipelines to the vacuum pump. After the interior space of the
chip is vacuumed, component #1 in the container is
spontaneously injected and fill the interior space of the chip.
(3) After that, the chip is placed on the microscope, and the
laser forms a focused spot of about 3 um in diameter at the
position of the microcells to excite real-time Raman spectra
collected by the spectrometer. The exposure time and the
interval of each frame of spectra is 10 s and 20 s, respectively.
(4) Next, connect the pipelines to the plunger pump.
Component #2 in the pump is continuously injected into the
microchannels and the interdiffusion in the nanochannels
begins due to the concentration gradient between the
microchannel and microcells. (5) When the collected Raman
spectra no longer change over time, the diffusion experiment
is completed.

After the experiments, the used chips are cleaned and
then stored in a vacuum environment for reuse. The raw
spectral data are processed in MATLAB software. The

characterized by eqn (1) and (2), and then the relationship
between the concentration and diffusion time can be
obtained. The results of different nanochannels on the same
chip are averaged.

2.6 Classical theory of diffusion

An illustration of the theoretical interdiffusion process in a
nanochannel is shown in Fig. 4. It can be simplified as a
one-dimensional diffusion problem because the
concentration gradient is only along the length of the
nanochannel. Let the length, width, and height (m) of the
nanochannel be L, W, and H, and the volume (m®) of the
microcell be V. The characteristic diffusion time z (s) of the
nanochannel and microcell can be estimated as:

7=a*D (3)

where D is the diffusion coefficient (m> s™), a is the
characteristic length (m), a = L for the nanochannel and a =
10 pm for the microcell. L > 10 um, so the characteristic
diffusion time of the nanochannel is much longer than that
of the microcell, and the fluid concentration in the microcell
can be regarded as uniformly distributed. In addition, since
component #2 is continuously injected into the
microchannel, the concentration of component #1 in the
microchannel is always zero. A coordinate system is
established with the length direction of the nanochannel as
the x-axis, where x = 0 and x = L represent two ends of the
nanochannel. Let ¢ be the diffusion time (s), and the mole
concentrations (mol m™) of component #1 in the
nanochannel and microcell be C(x, ¢) and Cy(¢), respectively.
According to Fick's diffusion law, the following differential
equations can be listed:

. . . . . oC o’C
baseline signals are subtracted using the airPLS algorithm.*® YRRy (4)
. . . X
The concentration of component #1 in the microcells can be
0 =0
Microchannel *
concentration C(x,t)
of component #1
always 0
C: concentration of component #1 in nanochannel
Cy: concentration of component #1 in microcell
Fig. 4 Illustration of the theoretical interdiffusion process in a nanochannel.
This journal is © The Royal Society of Chemistry 2025 Lab Chip
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dc, aC
V— = WHD— |,— 5
dt ox et (5)
C|x:0 =0, C|x:L =Gy (6)

The initial condition of C(x, ¢) has no significant impact on
the solution of C(x, ) and Cy(t) because the characteristic
diffusion time of the nanochannel is estimated on the order
of 0.1-10 s, while the whole experimental interdiffusion
processes last for 10°-10* s. Therefore, the dimensionless
diffusion time Fo satisfies:

Fo=tlt>1 (7)

which means that the interdiffusion in the nanochannel will
be independent of the initial conditions quickly. To simplify
the derivation of equations, assume the initial conditions to
be:

X
Clio = ZCO‘t:O (8)
Generally, in a binary mixture with any concentration ratio,

the interdiffusion coefficient D of component #1 can be
expressed by Darken's equation:

olny
D = (x,Df D¥)-(1 1 9
(02DF +x1 2)( Jralnx1) )

where x; and x, represent the mole fractions of component
#1 and #2, DY and Dj represent the self-diffusion coefficients
(m*> s) of component #1 and #2, and y, is the activity
coefficient of component #1.

For the interdiffusion of n-octane and cyclooctane, their
molecular structures and self-diffusion coefficients are
different, and the binary mixture cannot be treated as an
ideal solution. Therefore, eqn (9) cannot be further
simplified. However, for the interdiffusion of n-octane and
1-octene, their self-diffusion coefficients are approximately
equal, and the binary mixture can be treated as ideal solution
due to similar molecular structures and physical properties.
Hence, Df = D5 and y, = 1 are approximately satisfied and
eqn (9) can be simplified to:

D =D¥f =D} (10)

which means the interdiffusion coefficient is a constant
independent of the fluid concentration. According to eqn (4)-
(6) and (10), the analytical solutions of C(x, ¢) and Cy(f) can
be obtained:

c=a%ex —WHDt (11)
AP
WHD
Co=Aexp|(—t 12
P VL
p
A= CO|t=o = Mo (13)

w
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where A is a pre-exponential factor, p is the mass density (kg
m~>) and My, is the molar mass of 1-octene (kg mol™). It can
be observed that, if Fick's law is applicable, the concentration
of 1-octene in the microcell will decrease exponentially with
time, and the concentration in the nanochannel will vary
linearly with distance. Diffusion coefficients D can therefore
be calculated by fitting experimental results with eqn (12),
which is the principle of our Concentraion Decay Method. In
the following experiment, it will be examined whether the
hydrocarbon diffusion in nanochannels conforms to the
classical theory.

3. Results and discussion
3.1 Diffusion kinetics in nanochannels with different depths

Fig. 5a and b show the Raman spectra in a microcell at
different diffusion times in a 37 nm-deep and 1000 um-long
channel in series A and B. In series A, both the 1640 cm™
and 1450 cm ' peaks are clearly observed at the initial
moment, indicating that the borosilicate glass penetrated by
the laser does not interfere with these peaks, and the Raman
signal-to-noise ratio of the fluid in the microcell is
acceptable. The 1450 cm™* peak can be divided into two sub-
peaks at about 1445 and 1460 cm™, which are related to the
bending vibration of CH, and CH; groups, respectively.*” As
the interdiffusion continues, Xioctene N the microcell
decreases, leading to a reduction in A;g49, While A,450 remains
basically stable. After 3 hours, the 1640 cm™' peak almost
completely disappears, indicating that all 1-octene in the
microcell has diffused into the microchannel, and the
interdiffusion in nanochannels has completed. In series B,
the phenomena are similar. The 700 cm™ peak spends about
3 h to completely disappear, while the 1450 cm™ peak
remains basically unchanged.

It should be noted that the Raman spectrometer in our
experiments collects the Raman scattering signals in a laser-
focused sphere with a diameter of approximately 3 um. This
sphere is completely encapsulated by the microcell, so the
collected Raman spectra can characterize the fluid
components in the microcell. Based on eqn (1) and (2), the
variation of Xjoctene and Xeycs in the microcell over time is
obtained, as shown in Fig. 5c¢ and d. In series A, as the
interdiffusion continues, Xjoctene gradually decreases to zero.
If the interdiffusion in the nanochannel conforms to Fick's
law, Xjoctene should exponentially decay over time. The
experimental results show that Xjocene and time can be
reasonably fitted by an exponential function with the fit
goodness R*> > 0.95, verifying the applicability of Fick's law.
Although due to the environmental noise, there are inevitable
random errors in Ajgs0 and Aqys resulting in fluctuations of
the obtained Xjqctene around the fitted exponential curve, the
overall trend of X;octene OVer time is still regular. In series B,
interestingly, x.,cs and time can also be reasonably fitted by
an exponential function, although it is improper to simplify
Darken's equation because of different physical properties of
n-octane and cyclooctane. Therefore, in both series A and B,

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Raman spectra and mole fractions in microcells during the interdiffusion process in a 37 nm-deep and 1000 um-long nanochannel. (a) and
(b) The change of the 1640 cm™ peak with diffusion time in series A, and the change of the 700 cm™ peak with diffusion time in series B. (c) and
(d) X10ctene in series A and x.,cg in series B decaying exponentially over diffusion time.

apparent diffusion coefficients D in nanochannels can be
measured based on Fig. 5¢ and d and eqn (12).

By the Concentration Decay Method, the diffusion
coefficients in nanochannels with different depths are
obtained, as shown in Fig. 6a and b. In series A, the
bulk diffusion coefficient Dpyx = 2.2 x 10° m? s is
marked with a blue dotted line. Interestingly, we observe
that all the measured D in channels with six different
depths fluctuate around Dy, showing no obvious
correlation with the channel depth. The maximum and
minimum values of D are (2.76 + 0.30) and (1.77 = 0.21)
x 10° m? s, deviating by +25% and —-20% from Dy,
respectively. Due to potential subtle variations in the
geometries and  surface  properties of  different
nanochannels at the same depth, it is reasonable to find
that the measured D for different nanochannels may
fluctuate. For example, for three nanochannels with a
depth of 52 nm and a length of 300 um, the measured
D values are (2.44 + 0.18), (2.56 + 0.18), and (2.76 + 0.30)
x 10 m? s™', respectively. Additionally, we confirm that
the measured D values in nanochannels with lengths of
1000 and 300 pum do not exhibit significant differences.

This journal is © The Royal Society of Chemistry 2025

In series B, the bulk diffusion coefficients of n-octane
and cyclooctane are marked with two blue dotted lines,
and the interdiffusion coefficients are expected to lay
between the two lines according to Darken's equation.
The measured D values in channels with six different
depths all lay between the two lines as expected, and
show no obvious correlation with the channel depth and
length as well. Based on the results of series A and B,
we conclude that the diffusion kinetics in nanochannels
with different depths and lengths exhibits no obvious
deviation from the macroscopic scale, which also verifies
the accuracy and reliability of our measurement of
diffusion coefficients.

3.2 Diffusion kinetics in nanochannels at different
temperatures

Next, in series C, interdiffusion of n-octane and 1-octene in
channels with a depth of 37 nm at different temperatures is
investigated. Five temperature points (295-383 K) are selected
in the range below the boiling points. Since Raman scattering
signals correlate with temperature,*® it is necessary to
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Fig. 6 Measured diffusion coefficients of (a) n-octane and 1-octene,
and (b) n-octane and cyclooctane in nanochannels with different
depths. The bulk diffusion coefficients Dy, are indicated by blue
dotted lines.

examine whether temperature will affect the accuracy of D
measurement by Raman spectroscopy. Taking pure 1-octene
as an example, the temperature dependence of Raman
spectra of fluid in a microcell is shown in Fig. 7a. As the
temperature increases, the wavenumber positions of 1450
and 1640 cm ™" peaks slightly shift, and the full width at half
maxima (FWHM) remain almost unchanged, while the peak
intensities and areas obviously decrease. Although the peak
areas are temperature-dependent, eqn (1) and (2) can still be
used for fluid concentration calibration at different
temperatures provided that the proportion coefficients are
adjusted. Furthermore, the mole fraction of 1-octene in the
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Fig. 7 Measurement of diffusion coefficients at different
temperatures. (a) 1450 and 1640 cm™ Raman peaks of 1-octene in a
microcell at different temperatures. (b) Diffusion coefficients of
n-octane and l-octene in nanochannels at different temperatures as
obtained from the experiments. Blue data points represent diffusion
coefficients in the bulk phase.*®

microcell is found to still exhibit exponential decay with
diffusion time at different temperatures.

By the Concentration Decay Method, the diffusion
coefficients D in nanochannels at different temperatures are
obtained, as shown in Fig. 7b. The red data points in the
figure represent the measured D in the 37 nm-deep channel
in our experiments, while the blue data points represent D in
the bulk phase measured by Harris et al® As the
temperature increases, the measured D values in the
nanochannel gradually increase from (2.10 + 0.15) x 10™° m?
s at 295 K to (4.9 + 0.6) x 10° m*> s™* at 383 K, showing the
same trend as D in the bulk phase. Considering the
experimental uncertainty, the measured D values in the

This journal is © The Royal Society of Chemistry 2025
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nanochannel at different temperatures exhibit no obvious
deviation from those in the bulk phase.

The increase in fluid temperature leads to intensified
molecular motion, which increases the diffusion kinetics. By
applying the Eyring rate theory, it can be deduced that the
relationship between D and thermodynamic temperature T
conforms to the expression of Arrhenius equation:°

D = Dy exp (— 5—;) (14)

where D, is a pre-exponential factor, E, is the diffusion
activation energy, and R is the ideal gas constant. The 1g;4(D)
- T~ relationship is fitted using eqn (14) and the fitting curve
is marked with the black dashed line in Fig. 7b. The
diffusion kinetics in nanochannels also conforms to the
Eyring rate theory, and the measured D at different
temperatures can be predicted by the Arrhenius equation. In
conclusion, the diffusion kinetics in nanochannels at
different temperatures exhibits no obvious deviation from
the macroscopic scale as well.

3.3 Influencing factors of measurement

Factors that potentially influence the measurement results of
D are discussed below.

(1) Fluid-wall interactions. The intention of this study is
to explore the extent to which fluid-wall interactions affects
the diffusion kinetics in nanochannels. Core-scale
experiments failed to decouple whether slower diffusion
kinetics results from longer diffusion paths or slower
molecular diffusion affected by fluid-wall interactions;"”
meanwhile in our experiments, the “channel-channel-cell”
structure can reflect molecular diffusion driven by
concentration gradients without the influence of tortuosity.
We discover that for n-octane, 1-octene and cyclooctane,
fluid-wall interactions have no significant effect on the
molecular diffusion kinetics in channels with a minimum
depth of 21 nm. Previous molecular simulations indicated
that the nanoconfinement effect of hydrocarbons in
nanochannels leads to a reduction in the component of D
normal to the channel surface, while the component
tangential to the surface remains almost unchanged.* In our
experiments, the concentration gradient is along the length
of nanochannels; thus, the measured D values reflect
diffusion kinetics in the direction normal to the wall which
is less sensitive to fluid-wall interactions. If the channel
depth or pore diameter is further reduced, it has been
revealed that long-chain hydrocarbons will diffuse faster in
carbon nanotubes with an inner diameter of about 1 nm, or
diffuse slower in kerogen organic pores with diameters
ranging from 0.1 to 1.5 nm.">*" It is reasonable to infer that
for hydrocarbons, the threshold pore size at which fluid-wall
interactions become the dominant mechanism for diffusion
may be between 2 and 20 nm.

Some other experiments have reported anomalous
diffusion behaviour of macromolecules in channels with

This journal is © The Royal Society of Chemistry 2025
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similar depths,** suggesting a more rigorous discussion
on the relative ratio of the characteristic size of diffusing
molecules Ly, to the channel depth H. In our experiments,
the length of a n-octane or 1-octene molecule is about 1.1
nm, the diameter of a cyclooctane molecule is about 0.6
nm, and Lyo/H < 0.05. If the size of diffusing molecules
increases, Lyo/H will increase, and the effect of fluid-wall
interactions on diffusion will be more significant. For
example, Zhong et al.*® reported that the apparent diffusion
coefficient of Rhodamine B decreases by two orders of
magnitude when Ly /H ~ 0.2, and Yang et al>> reported
that the diffusion of proteins should be explained by a
single-file regime when L, /H =~ 0.5. In addition, whether
long-range electrostatic forces exist should also be
considered. In our experiments, the hydrocarbons are non-
polar and non-electrolyte fluids, indicating that the near-
wall fluid is mainly subject to van der Waals forces and
electrostatic forces can be neglected. In the presence of
electrostatic forces, diffusion is expected to be more
complicated. For example, Schoch et al.’® reported that the
pH value of solution can regulate the diffusion coefficient
of surface-charged proteins in nanochannels (Ly,o/H = 0.2)
due to the Donnan effect.

(2) Temperature increase due to laser irradiation. The
high-energy laser focused on fluid may cause a temperature
increase, and its impact on the measured D should be
examined. Let the increase in the average temperature of
fluid in microcells during Raman sampling be AT. Because
the silicon substrate and glass cover are significantly larger
than the microcells and the thermal conductivity of silicon
and glass is much greater than that of hydrocarbons, the
temperature at the microcell surfaces can be approximated as
the room temperature. Besides, the heat dissipation through
the nanochannels is negligible. Therefore, according to the
law of energy conservation, we have:

Poq-t; = h-TA-6b>t, (15)
Pad = Plaserab (16)
Nu = hb/k, (17)

where Pl and P,q are the laser power and the liquid
absorption power, ¢; and ¢, are the exposure time and
sampling interval of Raman spectra, £ is the convective heat
transfer coefficient between the liquid in microcells and the
microcell surfaces, b is the side length of microcells, « is the
absorption coefficient of the liquid at a wavelength of 532
nm, k; is the thermal conductivity of the liquid, Nu is the
Nusselt number. Natural convection heat transfer in
microcells is suppressed (Rayleigh number < 1); thus,
thermal conduction 1is the dominant heat transfer
mechanism, and Nu is approximately equal to unity. Setting
Plager = 100 mW, t; =10's, t, =30 s, b = 10 pm, @ = 0.1 cm ™},
and k = 0.127 W (m K '), and substituting them into eqn
(15)-(17), we estimate that AT = 0.44 K. Assuming the
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relationship between D and T obeys the Arrhenius equation,
then AT would cause D to increase by about 0.02 x 10° m”
s, which is negligible compared to the experimental
uncertainty.

(3) Air dissolved in the fluid. Since the interior space of
nanofluidic chips cannot achieve absolute vacuum, after
1-octene is spontaneously aspirated, air bubbles may exist in
some microcells. As the air dissolves into the oil phase, the
bubbles gradually decrease in size until they disappear. The
dissolved air would reduce the oil viscosity, and D is inversely
proportional to the viscosity according to the Stokes-Einstein
equation; therefore, it would cause the measured D to be
larger than the actual value. However, the saturated mole
fraction of dissolved N, and O, in hydrocarbons at 295 K and
atmospheric pressure is around 1 x 10, which has limited
impact on D.>* Besides, the effect of dissolved air on
interdiffusion is independent of the channel depth, so it does
not invalidate the conclusion that the measured D is
independent of the channel depth.

(4) Species-driven advection. Although there is no
pressure-driven advection in nanochannels, the existence of
species-driven  advection, such as diffusioosmotic,
diffusiophoresis®*> and solutal Marangoni effects,*® should
be discussed. The main mechanism of diffusioosmotic is the
distorted structure of the electrical double layer (EDL) due to
a gradient in electrolyte solutes, while diffusiophoresis is the
motion of a mobile particle in electrolyte solutions driven by
diffusioosmotic flow.>* In our experiments, the mixtures of
n-octane, 1-octene and cyclooctane are non-electrolyte, and
there is no suspended colloidal particle, so these EDL-
induced effects can be ignored. The solutal Marangoni effect
happens when there is a surface tension gradient due to
concentration differences. In our experiments, the single-
phase and multi-component hydrocarbons fill the
nanochannels, and the concentration gradient can cause a
gradient in the solid-liquid interfacial tension. If neglecting
the influence of the solid wall, we estimate that the
Marangoni number Ma = AgH/uD in nanochannels is on the
order of 1. However, the hydrocarbon molecules near the
interface are affected by the solid wall with strong wettability
and the no-slip boundary condition is applicable, which
significantly suppresses the generation of Marangoni flow. In
conclusion, we believe species-driven advection in
nanochannels can be ignored in our experiments, indicating
the rationality of the use of a purely diffusive model as
mentioned in section 2.6.

3.4 Advantages of the method

Our study proposes the Concentration Decay Method to
investigate fluid diffusion kinetics in nanoconfined space by
combining nanofluidic chips and micro-Raman spectroscopy.
It has mainly three advantages: (1) Compared to traditional
experiments, this method can decouple the influence of pore
structure and fluid-wall interactions on diffusion coefficients
by designing the space where interdiffusion occurs. (2)
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Compared to molecular simulations, this method fills the
gap of diffusion in nanopores with diameters ranging from
10 to 100 nm. Moreover, with the development of nanofluidic
technology, investigation on diffusion in shallower and more
complex channels will become possible. (3) Compared to
nanofluidic experiments via conventional optical methods,
this method can be applicable to more types of diffusing
components as long as there are significant differences in
the Raman characteristic peaks.

In further studies, fluid diffusion kinetics in
nanochannels with more types of components, more complex
channel structures and smaller depth of the channel can be
systematically investigated by this method. This will provide
more insight into fluid transport in nanopores and facilitate
energy conversion and utilization.

4. Conclusions

In this work, a novel Concentration Decay Method combining
nanofluidics and micro-Raman spectroscopy to investigate
fluid diffusion in nanochannels is proposed. A “channel-
channel-cell” structure in nanofluidic chips is specifically
designed for detecting diffusion kinetics in nanochannels. By
this method, an experimental investigation on interdiffusion of
the n-octane-1-octene mixture and n-octane-cyclooctane
mixture in channels with a minimum depth of 21 nm at
different temperatures (295-383 K) is conducted, and diffusion
coefficients are obtained.

The conclusions are as follows: (1) the interdiffusion in
nanochannels still conforms to Fick's diffusion law, and the
measured diffusion coefficients in nanochannels with a
minimum depth of 21 nm exhibit no obvious deviation from
the bulk phase. (2) The measured diffusion coefficients in
nanochannels at different temperatures still exhibit no
obvious deviation from the bulk phase and can be predicted
by the Arrhenius equation. (3) The proposed novel method
decouples the influence of pore structure and fluid-wall
interactions on diffusion kinetics, fills the gap of research on
diffusion in pores with diameters ranging from 10 to 100
nm, and is applicable to more types of fluids. Our work
deepens the understanding of multi-component fluid
transport in nanopores.
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