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ABSTRACT 
 

Nanofluidic systems are found naturally in geological 

formations and biology, but they also are implemented in 

technology, where mass exchange is the governing process. 

Here we employed recently developed multiscale model for 

diffusion in nanoconfinement to understand passive 

transport regimes in nanochannels.  Hew we use a critical 

parameter that may help to differentiate different diffusion 

regimes in nanochannels. Our study shows a new insight 

into diffusive mass transport through nanoconfined 

structures and establishes relations among geometry, 

interface effects and mass transport kinetics. 
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1 INTRODUCTION 
 

Over the last decade different devices were developed 

with nanochannels or nanopores on board.  Many 

technologies like lab-on-a-chip, nanoporous membranes or 

individual nanofluidic elements find applications in sensors, 

sieving, drug delivery and other biomedical applications [1-

3], where understanding of precise mass exchange kinetics 

is critical.  The Peclet number of nanofluidic systems is 

small (<1) for a diffusivity of 10
-5

 cm
2
/s suggesting that 

molecular diffusion may dominate the mass transport.  

Although, many years have passed from when 

nanochannels were initially manufactured, the 

understanding of diffusive (passive) mass transport through 

nanoconfined structures is not well understood.  Without 

crucial knowledge, accurate prediction of diffusive 

transport and rational design of nanofluidic components is 

impossible.  Recently we have suggested new parameter 

and analysis that may help to rationalize diffusion in 

nanoconfined structure [4]. 

Here we show of diffusive mass transport through 

nanochannels in view of nanoscale interface effects on 

diffusivity, and this which reveals fundamental relations 

involving nanofluidic geometries, interface properties and 

mass transport kinetics. 

 

2 METHODS 
 

We have applied our recently developed hierarchical 

computational approach bridging nanoscale interface 

effects to diffusivity with a discretized continuum method, 

which was quantitatively and qualitatively validated against 

experiments [5].  This method uses a scaling function for 

diffusion that is derived from diffusion profiles at solid 

interface by using Molecular Dynamics (MD) simulations 

[5, 6].  

Concentration and interface effects are incorporated into 

FEM scheme through diffusion scaling function S(h). 

Diffusivity D was adjusted based on experimental 

concentration D(c) in bulk, while missing D values for 

other concentrations were obtained from linear 

interpolations. Next, we adjusted D by the proximity to a 

solid wall turning D(c) into D(c,h) as D(c,h)=D(c)∙S(h), 

where S(h) is the scaling function having values from zero 

to one. Linear interpolation was used to account for missing 

scaling values. 

The basic mass balance equation, which also includes 

Fick’s law in equation (1), is 

 

          (1) 

 
  

  
 

 

   
  

  

   
       (2) 

 

where  ,ic x t  is concentration; D depends in general on 

the coordinates ix  and on c ;  ,iq x t  is a source term; 

and summation over the repeated index is implied (i=1,2,3).  

By using a standard Galerkin procedure, this nonlinear 

differential equation can be transformed into the 

incremental-iterative system of linear balance equations for 

a finite element [7]. Further, we may use diffusivity scaling 

function derived for small molecule [6].  S(c,h) was 

implemented into Finite Element (FE) method [8], which 

models the whole nanofluidic structure.   
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3 RESULTS AND DISCUSSION 
 

The use of nanochannels or nanopores in drug delivery 

may substantially alter the release kinetics, where 

non-Fickian transport may be observed [3]. Figure 1 

displays characteristic diffusion profiles and indicates the 

major differences: zero-order profile no longer obeys 

Equation (1). This also suggests that diffusion mechanism 

might be different. 

 
Figure 1 : The characteristic profile of cumulative mass 

release by diffusion in reduced units. Profiles may feature 

the characteristic first-order reaction (or exponential) and 

zero-order mass releases as seen in [3]. Zero-order release 

happens when diffusing molecules size approaches 

confining dimensions suggesting also that classical relation 

of flux to gradient is broken. 

 

 

We have studied diffusion based mass release through 

0.5 µm length (L) nanochannel having of heights (H)  5 to 

50 nm similar to [4]. The nanochannel connects identical 

inlet and outlet reservoirs with 1∙10
-6

 μL.  At time zero, the 

donor reservoir was filled with 1 M solution, while the 

other reservoir had zero concentration. The rest of the 

settings are like in [4].   

The investigation of diffusion can be discussed in light 

of treatments of diffusivity (D): (1) D is constant as in an 

ideal solution; (2) D is a function of concentration c; (3)  

D(c,h) - D is a function of concentration c and the 

proximity to solid wall h. Cumulative mass release was 

fitted to the equation: 

 

M(t)=M0 (1-exp(-λt))   (3) 

 

where M0 is the maximum released mass, t is the time, M(t) 

is cumulative released mass at time t and λ is the exponent 

describing kinetics. We have analyzed λ values against α 

(=L/H). Calculated data points were fitted with hyperbolic 

function        . D(const) and D(c) show linear 

behavior in double-logarithmic plot of λ(α) and have 

identical slopes. However, by including interface effects, 

the hyperbolic dependence fails at larger aspect ratios or α. 

Because some experiments show that at very small 

nanochannels non-Fickian transport may occur [3], we can 

predict that non-Fickian regimes would be characteristic to 

nanochannel dimension having large deviation from linear 

(Fickian) behavior (Figure 2). 

 

Figure 2 : The dependence of release kinetics constant with 

different diffusion treatment for 0.5 μm nanochannel. 

Calculated data points are fitted by reciprocal function (see 

text). D(cont) and D(c) scenarios show Fickian diffusion in 

all confinement, while the inclusion interface effects by 

D(c,h) show substantial deviations.  

 

Figure 3 : The dependence of release kinetics constant with 

different diffusion treatment for 0.5 μm nanochannel. By 

assuming stronger interface effects, analysis show that 

non-Fickian diffusion may occur at smaller confinement. 

 

Exploring the models for interface effects, we have 

tested nanochannels with the scaling function that has twice 

larger interface effects, D(c,h ; × 2). Figure 3 shows very 

similar in shape D(c,h), but D(c,h; ×2) profile deviates 
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faster suggesting that Fickian transport should disappear at 

smaller confinements.  

 

4 CONCLUDING REMARKS 
 

Our results show that interface may significantly affect 

diffusion, because at nanoconfinement those effects may 

become dominant. If those effects are neglected and only 

classical approaches are relied on, the prediction of 

diffusion transport will be inaccurate at these scales. The 

extent or strength of interface effects may have dramatic 

effect if diffusing species are strongly interacting with solid 

surfaces. The ability to account for interface effects may 

help in the areas such as drug delivery, design of sensors, as 

well as chemical and energy industries where use of nano- 

and microfluidics is pertinent.  

 

REFERENCES 
 

1. Barnes, W.L., A. Dereux, and T.W. Ebbesen, 

Surface plasmon subwavelength optics. Nature, 

2003. 424(6950): p. 824-830. 

2. Eustis, S. and M.A. El-Sayed, Why gold 

nanoparticles are more precious than pretty gold: 

Noble metal surface plasmon resonance and its 

enhancement of the radiative and nonradiative 

properties of nanocrystals of different shapes. 

Chemical Society Reviews, 2005. 35(3): p. 209-

217. 

3. Fine, D., A. Grattoni, S. Hosali, A. Ziemys, E. De 

Rosa, J. Gill, R. Medema, L. Hudson, M. Kojic, 

and M. Milosevic, A robust nanofluidic membrane 

with tunable zero-order release for implantable 

dose specific drug delivery. Lab on a Chip, 2010. 

10(22): p. 3074-3083. 

4. Ziemys, A., M. Kojic, M. Milosevic, and M. 

Ferrari, Interfacial effects on nanoconfined 

diffusive mass transport regimes. Physical Review 

Letters, 2012: p. (submitted). 

5. Ziemys, A., M. Kojic, M. Milosevic, N. Kojic, F. 

Hussain, M. Ferrari, and A. Grattoni, Hierarchical 

modeling of diffusive transport through 

nanochannels by coupling molecular dynamics 

with finite element method. Journal of 

Computational Physics, 2011. 230(14): p. 5722–

5731. 

6. Ziemys, A., A. Grattoni, D. Fine, F. Hussain, and 

M. Ferrari, Confinement Effects on 

Monosaccharide Transport in Nanochannels. The 

Journal of Physical Chemistry B, 2010. 114(34): p. 

11117–11126. 

7. Kojic, M., N. Filipovic, B. Stojanovic, and N. 

Kojic, Computer Modeling in Bioengineering: 

Theoretical background, examples and software. 

2008: John Wiley & Sons. 

8. Kojic, N., A. Kojic, and M. Kojic, Numerical 

determination of the solvent diffusion coefficient in 

a concentrated polymer solution. Communications 

in Numerical Methods in Engineering, 2006. 

22(9): p. 1003-1013. 

 

 

NSTI-Nanotech 2012, www.nsti.org, ISBN 978-1-4665-6275-2 Vol. 2, 2012 707




