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We investigate particle separation driven by thermal gradients across solid state nanopores using a combined molecular dynamics

simulation, non-equilibrium thermodynamics theory and a kinetic model approach. The thermophoretic device, a thermal nanop-

ump, exploits thermal gradients to sort particles of different mass, which accumulate preferentially in hot or cold reservoirs. We

show that the large amount of energy dissipated by the thermal nanopump during the transport process leads in general to very

low efficiencies, 0.01-0.15%. We find that the nanopump thermal conductivity and structure plays a crucial role in determining

the efficiency and a route to enhance it. Doubling the pore radius, from 0.5 - 1 nm radius, leads to a large increase in the mass dif-

fusion and to a 20 fold increase in the efficiency. Addition of nanoscale defects, without modification of the nanopore structure,

leads to a large reduction of the nanopump thermal conductivity and to a large enhancement of the thermodynamic efficiency.

We find that nanopumps with nanoscale defects are > 3 times more efficient than those without defects. Finally, we identify the

microscopic variables responsible for the enhancement of thermally induced transport across nanopores and discuss strategies to

tune these variable in order to regulate transport efficiency.

1 Introduction

A significant amount of the energy employed in human activ-

ities is dissipated as heat. Recent estimates indicate that the

dissipated heat amounts to over half of the energy consumed

worldwide1. There is considerable interest in the investigation

of physical principles that can be used to recover this large

amount of wasted heat and convert it into other useful forms

of energy. The thermal gradients resulting from heat dissi-

pation processes can induce an interesting and useful range

of physical phenomena: thermodiffusion, thermophoresis (the

Soret effect) and thermoelectricity are well known coupling

effects2. More recent studies have also shown the possibility

of manipulating the rotational degrees of freedom of molec-

ular structures so that the molecules adopt preferred orienta-

tions. Non-equilibrium thermodynamics theory has been em-

ployed to rationalize this phenomenon and a link with ther-

modiffusion has been established3,4. Thermal gradients aris-

ing from heat dissipation, particularly at small scales (sub mi-

crometer), provide a route to manipulate molecules and par-

ticle suspensions and a physical principle to develop nano-

devices with potential uses in particle separation and sen-

sors5–9.

Separation and analytical devices often involve a mem-
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brane, i.e., a physical barrier that separates solutions with dif-

ferent compositions. The membrane can be decorated with

nanopores, which act as gates for the selective passage of

molecules. Nanopores can be manufactured with great pre-

cision, making it possibly to develop novel sensor technolo-

gies, providing new opportunities in analytical chemistry10–12.

The use of thermal gradients as driving forces to translocate

molecules through nanopores9,13 or to induce motion in mi-

crodevices14 has also been highlighted. Working at the small

scales characteristic of nanomaterials offers some distinctive

advantages, as it is possible to generate very large thermal

gradients with temperature differences of a few degrees. Be-

cause the thermal gradient is the driving force for thermodiffu-

sion, larger gradients should produce more significant effects.

Large gradients, in the range 106−9 K/m have been achieved

optical trapping experiments of colloids15 and in experiments

thermophoretic motion in nanotubes16. These huge gradients

should result in strong thermophoretic responses that can be

employed to control the kinetics of molecular translocation

through nanopores.

The combination of thermophoretic forces and nanopore

structures provides an approach to design thermal nanopumps

with potential applications in mass separation processes. In

this article we investigate particle separation in a fluid binary

mixture consisting of two reservoirs with the same composi-

tion and separated by a solid state nanopore. A thermal gra-

dient across the nanopore provides the driving force for the

selective transfer of particles across the reservoirs. We em-
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nanopores of intermediate radius, NP3 (pore radius ∼ 2.3σA),

but whose combined surface area is the same as that of the sin-

gle pore modeled in NP1 (pore radius ∼ 3.2σA). Splitting the

larger pore in two smaller ones decreases the separation time.

However we expect this enhancement will be limited by steric

effects, which will become relevant in very narrow pores,

hence limiting the diffusion process. Indeed, the examination

of a very narrow pore, NP2 (pore radius ∼ 1.38σA ∼ 0.5 nm),

which results in very slow diffusion (see Figure 5), shows the

characteristic separation time increases by one order of mag-

nitude! We note that the characteristic pore sizes considered

here are similar to those that can be achieved with nanotubes,

hence our results should be relevant to technologies based on

those nanomaterials.

The time scale needed to achieve the stationary concen-

tration has a large impact on the thermodynamic efficiency.

We examine in Table 3 this efficiency for a range of ther-

mal nanopumps investigated in this work. The efficiency for

nanopumps NP1-5 is very low in general reaching maximum,

0.15%, and minimum, 0.007%, values for pores NP3 and NP2

respectively. Our lower efficiency is similar to the one re-

ported in studies of model nanomotors powered with chem-

ical reactions, (∼ 0.02%26). The variation we observe in the

efficiencies can be rationalized by considering the timescales

needed to reach the stationary concentrations as well as the

amount of energy dissipated in reaching this stationary state.

As shown in eqns. (5) and (6), these two variables are inter-

linked, namely, the longer the time scale of the process the

large the lost work and the lower the efficiency. Pores involv-

ing longer time scales for mass separation are less efficient.

This effect is particularly well illustrated with the results ob-

tained for pore NP2. This is a very narrow pore and mass flux

is very slow. Hence, significantly more energy is wasted to

achieve the stationary composition. Moreover NP2 features a

larger thermal conductivity than nanopumps of similar thick-

ness, which results in a larger heat flux and larger dissipation

(see Figure 6). All these factors contribute to the lower effi-

ciency observed in the NP2 nanopump. Our results illustrate

an important notion. For pores that are close to the typical

dimensions of nanotubes we find that the efficiency can be in-

creased significantly by tuning the nanopore radius. Indeed

increasing the pore radius by a factor of ∼ 2 (from NP2 to

NP1) results in a significant gain in efficiency, ≈ 20 times.

Our results also show that increasing the pore density can in

some cases outweigh the enhancement in efficiency associated

to the increase in the pore radius (cf. NP1 and NP3 in Table 3).

We have shown so far that the efficiency of the pumping pro-

cess can be modified by modifying the pore structure. Even for

the most efficient structures the efficiency of the nanopumps

is very low, < 0.2%. How can we enhance the efficiency to

more acceptable values, e.g. closer to 1%? It is clear from

the discussion above that the efficiency is determined by both

Table 3 Characteristic time scale (τ) for the nano pumps, obtained

from the kinetic model and the efficiency calculated using the

non-equilibrium theory.

Nano- Time constant Characteristic time Efficiency

pore (τ/ns) (τ + t0)/ns (η ×100)

NP1 2.58±0.04 2.58±0.04 0.14±0.01

NP1∗ 0.73±0.02 1.38±0.02 0.52±0.04

NP1′ 0.80±0.02 1.44±0.02 0.49±0.02

NP2 29.4±0.2 39.4±0.2 0.007±0.002

NP3 0.83±0.02 2.40±0.02 0.15±0.02

NP4 6.27±0.04 7.50±0.04 0.050±0.007

NP5 10.93±0.06 11.57±0.06 0.070±0.010

NP5∗ 8.94±0.08 10.57±0.08 0.24±0.08

mass transport and energy dissipation. The former is deter-

mined to a large extent by the pore geometry, while the heat

flux represents the dominant contribution to the latter. The

heat flux and therefore the entropy production (energy dissi-

pated) can be reduced by decreasing the thermal conductivity

of the nanopump. Addition of scattering centers, i.e., defects

in the crystal structure, should reduce the thermal conductiv-

ity by modifying the heat carrier’s mean free path, with the

advantage that the nanopore structure is not modified. We find

that the introduction of these defects is fairly effective and

reduces significantly the thermal conductivity of the nanop-

ump with respect to the original structure (cf. NP1, NP1∗ and

NP1′ in Table 3). The decrease in the thermal conductivity has

also an impact on the entropy production, which is smaller for

the nanopumps containing nanoscale defects. These pores are

much more efficient, reaching more acceptable values, of the

order of 0.5% (see Figure 9).

We have explored further this idea by considering longer

pores, NP5 and NP5∗. As expected increasing the pore length

leads to longer separation times (see Table 3) and high ther-

mal conductivities (see Table 1 and 2 ), with a consequently

low thermodynamic efficiency, 0.07%. We find that adding

nanoscale defects decreases the thermal conductivity signifi-

cantly (see Table 2), and trebles the efficiency, ∼ 0.2% (see

Figure 9).

5 Summary and Conclusions

We have investigated mass separation in binary mixtures us-

ing nanopores with different geometries and thermal proper-

ties. The driving force for the mass separation is furnished by

thermal gradients that drive the Soret-Ludwig effect, such that

heavy and light particles concentrate in cold and hot regions

respectively. The combination of classical non-equilibrium

molecular dynamics simulations and non-equilibrium thermo-

dynamics theory provides a powerful approach to quantify the
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