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Supplementary Figure 1 | Photo of the thermodiffusive desalination unit (TDU). a, The concept and unit
design is shown in Fig. 1. Different parts are labelled. The saline water flow is indicated by cyan lines. At the degassing
unit, the saline water flow and the vacuum (bright orange line) is separated by polydimethylsiloxane (PDMS) membrane
which allows gas exchange. There are six pairs of thermocouples (white lines) distributed at 100 mm interval alone the
500 mm-long TDU channel. The channel is made by firmly sandwiching the spacer with two nickel-plated copper blocks
from the top and the bottom. Then compressing with acrylic plates from the sides to confine the liquid. The acrylic
plates allow direct visual inspection of the flow through the channel. The thick red and blue arrows indicate the direction
of the water circulation within the copper blocks used for the temperature control, which in this case is a counter-flow
configuration (temperature reported in Supplementary Fig. 7b). b, Magnified image of the saline water channel, from
green region in a. Saline water flow is indicated by the bright blue arrow. The channel is bifurcated by a spacer at the
outlet, which is highlighted by the bright yellow region in the inset. The bubbles that accumulate on the top surface of the
cold water circulation chamber are indicated. This is a factor affecting the temperature profile along the channel, thus the
repeatability of the experiment.
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Supplementary Figure 2 | Thermodiffusive transport models based on continuum mechanics. A positive
temperature gradient is present in the y (vertical) direction within the rectangular channel. a, Convectionless model.

The fluid is stationary. One-dimensional thermodiffusion occurs in the y direction due to a quasi-linear temperature
profile. The top wall is hot at a constant temperature of Tj,,; and the bottom wall is cold at T.qq. In steady state, a linear
temperature profile between top and bottom walls can be assumed because the thermal conductivity is nearly temperature-
independent. b, Convection model. Two-dimensional thermodiffusion in a fully-developed plane Poiseuille flow. Fluid flow
occurs in the z direction. The top wall is hot at a temperature of Tyo(2) and the bottom wall is cold at a temperature of
Teola(2). A quasi-linear temperature profile exists between the top and bottom walls because the flow has a low Reynolds
number Re. Through analysis (Supplementary Method 2), it was found that the flow in the parallel-plate channel is well
within the laminar flow regime and both the thermal and hydrodynamic entrance length are much smaller than the total
channel length. In the x direction, the mass and heat transfer are advection-dominant while in the y direction they are
diffusion-dominant.
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Supplementary Figure 3 | Verification of continuum thermodiffusion model. The concentration profile is

the steady-state concentration profile in the absence of a fluid flow for the aqueous NaCl solution at Ti,ean = 40°C
and AT = 40K. a, The values of D and D+ are assumed constant and evaluated at the mean temperature Tyean. In
this case, the concentration profile is linear under linear temperature gradient. A good agreement is observed between
numerical results and the analytical solution. b, The coefficients D and Dt are now considered as temperature dependent
in the simulation. In the region where the local temperature is high, the concentration gradient % is larger because
thermodiffusion is stronger, i.e. St increases with temperature.
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Supplementary Figure 4 | Validation of continuum thermodiffusion model. Comparison of experimental

data in the literature and our simulation results for transient thermodiffusion without advection. a, Experimental data
from phase-shifting interferometry for an isobutylbenzene (IBB) and dodecane (Ci2) binary solution with equal weight
fractions [1]. b, Ethanol-water with an ethanol weight fraction of 0.3912 and AT = 5K [1]. ¢, IBB-C;2Hag with equal
weight fraction, AT = 5.53 K, Tiean = 25°C, and Soret cell height of 6.3 mm [2].
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Supplementary Figure 5 | Effect of different parameters on thermodiffusive separation. a, The effect of the D
and St on the thermodiffusion time constant 7y, i.e. the time required for the concentration profile to reach steady state.
For most species where St < 0.1K~! (includes seawater), 7, is only dependent on the isothermal diffusion coefficient
D. Moreover, our simulation results show that 7, oc  D™! agreeing with Eq. (8). In contrast, for Sp >  0.1K™1,
the thermodiffusion process starts to exhibit an effect on the time response as per observed 7y, dependence on St.

b, Transient thermodiffusive separation for a convectionless aqueous NaCl solution of initial concentration Cy = 30 000 ppm
when Thean = 40°C. ACyans between boundaries is plotted as a function of time. In steady state, the maximum
separation ACsieady is achieved. For the same Tiean, the time taken (indicated by dashed line) to reach steady state

is roughly the same despite different AT'. In the inset, the ACyans at 7, is plotted against AT. The relationship is

nearly linear particularly when AT is smaller than 60 K. ¢, An aqueous NaCl solution with the same Cy passes through

a parallel-plate channel with a fully-developed parabolic velocity profile. The vertical steady-state concentration profile is
plotted for different AT at Tiean = 40°C (note that we analyse the extreme case where the local temperature is close to
0°C). When the inversion temperature Ty = 12 °C is within the set temperature range, NaCl is thermophobic in the hotter
region and thermophilic in the colder region, yielding a concentration peak at gy corresponding to the location of Tj, e.g.
yo = 143 pm for AT = 80 K.
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Supplementary Figure 6 | TDU design considerations. a, Reynolds number, Re, as a function of the TDU channel
length and height when the flow speed of the NaCl/H5O fluid in the channel is limited by the thermodiffusion time
constant, 7y,. b, The separation ratio defined as the ratio of concentration difference between hot and cold walls at the
channel outlet to that of the maximum possible separation in a fully-developed condition, i.e. ACqut/ACqey, is plotted as
a function of the areal flow rate, i.e. volumetric flow rate per unit channel width.
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Supplementary Figure 7 | Modelled concentration difference along the channel for various temperature
controls. The modelled ACy.ys (solid line; left axis) and the measured wall temperatures (dashed lines; right axis) are
plotted as a function of the distance along the channel. Water baths with different flow configuration are tested. The red
and blue arrows represents the flow direction of hot and cold water baths, respectively. The saline water flow is from left to
right. The volumetric flow rate is 1 mLmin~', which is much smaller than the actual flow rate used in experiments. a, A
counter-flow configuration where the hot water bath is in the opposite direction to the saline water flow. b, A counter-flow
configuration where the hot water bath is in the same direction to the saline water flow. ¢, A parallel-flow configuration
where both water baths are in the direction opposite to the saline water flow.
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Supplementary Figure 8 | Highly-accurate measurement of concentration difference with interferometry.

a, Layout of the polarising Mach—Zehnder interferometer, which is the basis for PSI, as described in [3]. Adapted from [3]
with permission of Elsevier. The insets show the front view of test cells used in each measurement method of concentration
difference. b, Method A: the contrast factor CF is measured by smoothly injecting a low-concentration solution on top

of a high-concentration solution. On the left is the phase shifted image from PSI. The phase ¢ and the unwrapped phase

1 are plotted against the cell height on the right. Since = 7.5rrad for AC = 900 ppm with an optical path of 20 mm,
CF = OPAX ~c = 042rn gmg ' mm. c, Method B: to ensure there was no mixing during injection, the two solutions
are placed into a two-chamber quartz cell with an optical path of 2mm. The phase-shifted image from PSI and the
wrapped 1 (y) plot are shown. In the ¢ (y) plot, the blue arrow indicates the direction where 1 is increasing. When the

two solutions are placed in separate chambers, we are only able to observe two discrete points in the ¥ (y) plot but the
number of fringes in between the two points cannot be seen. Thus a smaller optical path of 2mm was chosen to makes sure
that the ¥nigh — Ylow is less than 2. Moreover, ¥pigh — Yow > 0 as CF is positive. When ¢pnigh — ¢1ow < 0, 27 should
be added to ¢nigh as there is a transition from ¢ = 27 to ¢ = 0 that is invisible due to the partition wall. For the two-
chamber experiment, CF derived from the two-chamber experiment is CF = 0.507 g mg~! mm.
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Supplementary Figure 9 | MD simulation: convergence of NaCl brine concentration profile over the time
length of the simulation. The ion concentration profile of NaCl brine converges to a measurable steady state condition.
The time-averaged ion concentration between simulation time 20 ns and 280 ns is the concentration reported in the main
manuscript. The time taken to reach quasi-steady state ¢y is estimated to be 20 ns by the scaling law [4]. For the each
highlighted simulation sub-volume (z € [5.5,6.5) nm (purple), z € [9.5,10.5) nm (light blue), and z € [13.5,14.5) nm
(mauve), the cumulative running average ion concentration shows reduced fluctuation by ¢ = 20ns and converges over
the simulation time interval [to, tana1] to the steady state average ion concentration, meaning that the quasi-steady state
system has been sampled for a sufficient number of times. This figure shows data for one replicate of a NaCl brine MD
simulation, the other two replicates behaved similarly. a, The instantaneous local ion concentration in the simulation
sub-volume z € [9.5,10.5) nm (purple band) is plotted at each time step in the simulation. The instantaneous local
concentration has large fluctuations over the full simulation time length, highlighting the intrinsic randomness in molecular
scale systems. b, The steady state average ion concentration profile at tg,, over the simulation z-axis is shown with black
circle markers. The errors are standard deviations when averaging over the simulation time (20, 280) ns. Purple, light
blue, and mauve shaded regions indicate sub-volumes of the simulation for which a cumulative running average of the ion
concentration has been calculated. ¢, Purple, light blue and mauve solid lines show the cumulative running average of the
ion concentration of the correspondingly coloured simulation sub-volume. Vertical dashed red lines denote tg, i.e. the time
attributed to reach quasi-steady state, and tgna), the total simulation time.
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Supplementary Figure 10 | MD simulation: convergence of seawater brine concentration profile over the
time length of the simulation. The time-averaged concentration between simulation time 20 ns and 280 ns is the
concentration reported in the main manuscript. The individual ion components of the seawater brine are considered
separately. Note that this figure shows data for one replicate of a seawater brine MD simulation, the other three replicates
behaved similarly. Within each sub-figure, the left plot shows the steady state average ion concentration of the given

ions (black lines), and three highlighted simulation sub-volumes (z € [5.5,6.5) nm (purple), z € [9.5,10.5) nm (light
blue), and x € [13.5,14.5) nm (mauve)) for which a cumulative running average of the ion concentration has been
calculated. The right plot shows shows the cumulative running average of the ion concentration of the correspondingly
coloured simulation sub-volume, for each of the given ions. a, The ion concentration profiles of C1~ (dashed line), Na™
(solid line), and Mg?* (dashed and dotted line) converge to a measurable steady state condition. Each of these ions had
significant initial concentrations in the seawater brine solution and therefore no sampling issues were encountered. For the
each highlighted simulation sub-volume, the cumulative running average ion concentration shows reduced fluctuation by

to = 20mns and converges over the simulation time interval [to, tanal] to the steady state average ion concentration. b, The
convergence of the ion concentration profiles of Ca?* and K+ to a measurable steady state was hard to characterise due

to the sampling issues of very few (six) ions in the total simulation volume. The cumulative running averages of both ions
did not smooth over the simulation time frame. Discrete jumps in the cumulative running averages, even after 150 ns of
simulation time, highlight the challenge of measuring steady state properties from few ions. ¢, Similarly, the convergence of
the ion concentration profiles of Br~ and F~ to a measurable steady state was hard to characterise due to the sampling
issues of very few (three) ions in the total simulation volume. The cumulative running averages of both ions did not
smooth over the simulation time frame. Discrete jumps in the cumulative running averages, even after 250 ns of simulation
time, highlight the challenge of measuring steady state properties from few ions.
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Supplementary Figure 11 | MD simulation: concentration profiles of individual ions in modelled brine of
NaCl and seawater. Markers show the concentration over temperature of ions with significant initial concentrations
in solution, that is Na* (purple circles), C1~ (light blue crosses), and Mgt (mauve squares). The temperature range
spans 20-60 °C, and is achieved by hot and cold thermostats shown as the shaded red and blue regions, respectively.
Ton concentration profiles are normalised to the average concentration of that ion in the solution, to allow comparison of
the strength of ion separation. All ions showed thermophobic separation, with concentration increasing as temperature
decreases, characterised by linear lines of best fit (dashed lines). An R? values is reported for each linear fit in the sub-
figure legends. The strength of ion separation is characterised by a separation percentage, that is the difference between

the normalised ion concentration at the temperature extremes, T.olq = 20°C and T,y = 60°C, as given by the linear fit,

and reported in the sub-figure legends. a, C1~ and Na™ concentration profiles in modelled NaCl brine. Markers overlap
due to electroneutrality. b, C1~, NaT, and Mg?* concentration profiles in modelled seawater brine.
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Supplementary Figure 12 | Burgers cascade: a single flow pass multi-channel device. The number of cells

in the deviceis (M x N) = (5 x 10). a, This Burgers cascade is made from four layers of cast acrylic. The top and
bottom layers are walls of 3 mm in thickness while the middle two layers are 1 mm thick. From the bottom up, the first
two layers are denoted in blue; the top two layers are denoted in red. The top and bottom walls were laser cut to shape
their perimeter and laser-engraved with the shape of the adjacent middle layer. The two middle layers were laser cut and
glued to the top and bottom walls separately, forming the blue and red parts. Then the two parts were glued together to
form the Burgers cascade. There was one inlet and two outlets for the flow. The methylene blue injection needle was place
at inlet of the celm = 1,n = 6. b, Photo showing the controlled spread normal to the flow directly of the methylene
blue dye. A peristaltic pump was used to slowly pump water into the structure at a flow rate of 10 mLmin~! so that the
Burgers cascade is entirely filled with liquid without bubbles. The dye was injected with a syringe pump while the water

is flowing. Since the density of the dye is larger than water, the spread towards the right exit is more visible than towards
the left exit.
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Supplementary Figure 13 | Burgers cascade: pressure drop, yield and heat flux. For a target yield
concentration of 5000 ppm with a recovery rate of 10%, the number of cells in the device is M x N
AT of 60K is applied and the Burgers cascade occupies an area of 10m?. a, The pressure drop varies depending on the

individual cell dimensions but does not exceed 4kPa. b, Both the yield of low-salinity water (5000 ppm) and the heat flux

decrease with increasing cell height h.
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Supplementary Figure 14 | Theoretical minimum energy of separation for desalination. The thermodynamic
limit that dictates the theoretical minimum energy of separation is calculated based on the Gibbs free energy, as described
in Supplementary Method 8 [5]. a, The initial feedwater concentration is 35000 ppm and the separation is assumed to be
complete, i.e. the salt concentration is 0 in the produced fresh water. b, The initial feedwater concentration is 30 000 ppm
and the yield water concentration is 5000 ppm, which is the same case that is modelled in Supplementary Fig. 13.
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Supplementary Table 1 | Ion compositions of seawater brine and NaCl brine solutions modelled in MD simulations. A multi-ion brine
solution was constructed to approximate natural seawater, sourced from [6]. To be compatible with the MD simulation system and the TIP3P-FB
water model, the multi-ion solution was required to be electrically neutral, contain ions with available parameters that are compatible with the TIP3P-
FB water model (restricting the solution to monoatomic ions), and have an integer number of each ion species. The relative concentrations of anion
components (C17, F~, and Br~) were exaggerated and small cation components (Sr?*) were ignored in the final ion composition to maximise anion
diversity and balance the electrical neutrality of the overall solution. Finally, the total concentration of the multi-ion seawater solution was doubled

to increase the number of each ion species and therefore improve the sampling. A control NaCl brine solution was constructed with the same molar
concentration as the seawater brine.

| Ion species Natural Natural Ion parameters Seawater brine used in MD NaCl brine
seawater seawater compatible with simulations used in MD
(reduced to TIP3P-FB water simulations
volume of
simulation)
(mgL~1) (# ions) (# ions) (Difference (# ions)
from natural
seawater)

Cl~ 19000 161 Sengupta et al. [7] 338 110% 325
Na™ 10500 138 Sengupta et al. [7] 260 89% 325
Mg?+ 1350 17 Li et al. [8] 33 97%

S04~ 885 3 Not available
Ca?* 400 3 Li et al. [§] 6 100%

K+ 380 3 Sengupta et al. [7] 6 105%

Br— 65 0.24 Sengupta et al. [7] 3 1125%

Sr?t 8 0.03 Li et al. [§]

B(OH)3 4.6 0.02 Not available
Si(OH)4 3 0.01 Not available

F- 1.3 0.02 Sengupta et al. [7] 3 14460%

Total ion count: 649 650
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Supplementary Table 2 | Linear fitting parameters and Soret coefficients from multi-pass experiments. Multi-pass TDD was performed
for both NaCl/Hy0 and multi-ion solutions. Different methods were used to measure the species concentration. Linear regression was performed for
concentration in the top stream Cioy and the number of passes n, which yields Cy as the interception and Cgyrop as the slope. Tiean and AT eas Were
the temperature conditions in the experiments. ACyans and St can be derived based on Supplementary Method 4.

Solution | Component | Methods Co (ppm) Carop (PPm) ACwans (PPM) | Tmean (°C) | ATmeas (K)
NaCl/H,0 NaCl PSI 29 974.1 + 52.8 306.5 + 21.6 1 656.5 + 116.8 40.84 35.48
NaCl/H,0 NaCl PSI 59 929.23 + 73.3 | 571.01 &= 29.9 | 3 086.81 + 161.6 43.47 31.29
Nact ICP-AES | 14 200.0 4 292.2 | 190.0 & 119.3 | 1 027.0 + 664.9
a
ICP-AES | 13 329.4 +203.9 | 111.1 4 83.2 600.4 + 449.7
_ ICP-AES 13.4 + 0.4 0.1 +0.2 0.5+ 0.8
Multi- Mg2+
ion ICP-MS 12.1 £ 0.2 0.1 +£0.1 0.40 + 0.4 41.49 34.73
saline ICP-AES 27.6 + 0.5 0.30 + 0.2 1.62 £+ 1.0
solution Ca2t
ICP-MS 27.5 + 0.2 0.3 + 0.1 1.77 £ 0.5
All ICP-AES | 14200.1 + 292.2 | 190.40 4+ 119.3 | 1 029.19 4 644.9
cations ICP-MS | 13 329.4 + 203.9 | 111.1 + 0.583.3 | 600.4 + 450.27
Solution | Component | Methods | St (1073 K™!) | St nigh (1073 K1) | St, 10w (1072 K1)
NaCl/H,0 NaCl PSI 1.51 1.65 1.46
NaCl/H,0 NaCl PSI 1.65 1.73 1.51
ICP-AES 2 4 1
Nat
ICP-MS 1 2 0
ICP-AES 1 3 -
Multi- Mg2+
ion ICP-MS 1 2 -
saline ICP-AES 9 3 1
solution Ca2t
ICP-MS 2 2 1
All ICP-AES 2 4 1
cations ICP-MS 1 2 0
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Supplementary Table 3 | Comparison of thermodiffusive desalination with other emerging desalination technologies. The desalination
performance reported in representative literature for promising emerging technologies is listed. Shaded cells are values calculated from the literature, not
directly cited. Nomenclature: initial concentration, Co; yield concentration,Cyicla; recovery rate, Ry; thermodiffusive desalination, TDD; metal-organic

framework, MOF.

Ref. Technology Remarks Co Cyield Achieved Potential yield per Salt Rw Similar
(ppm) | (ppm) | yield day removal (%) | refs.
per day
This work TDD, single-pass 30000 29550 2.88 Liday ! 288 L m~2 130gm—2 50% -
channel A membrane-free, (M=1,N=1)
TDD, Burgers single-phase, 30000 25000 - 7.9Lm™? 39.5gm™2 50%
cascade thermal desalination (M =12, N =6)
process —2 —2
TDD, Burgers 60 000 30000 - 0.95Lm 28.5gm 50%
cascade (M =100, N =15)
TDD, Burgers 30000 15000 - 1.00 L m~2 15.0gm~2 50%
cascade (M =95, N =15)
TDD, Burgers 30000 5000 - 0.24Lm™2 5.9gm™? 50%
cascade (M =400, N = 25)
021629(1); al. [9] Ion adsorption Adsorbent is a 35000 < 600 ImL gt 139.5 Lk 40% | [10, 11]
( ) photo-responsive (from 2233 ppm to 147 g kgt
MOF-polymer 10 000 5.6mLg~ 11 1179 ppm) or 79%
=5
1000 8lmLg=f 71.67gm 98%
Porada et al. Wire-based Remove ions by 1168 <584.4 50 mL 1.1L 0.64 g day ! 50% [13-15]
[12] (2012) capacitive alternately dipping an
deionisation array of electrode pairs
in fresh water and in
brine, with and without
an applied cell voltage,
respectively
Kim et al. [16] Ton concentration Microfluidics 30000 <180 14.4mLday ! 7100 L m—2% 200kg m~2 day| 50%
(2010) polarisation High energy efficiency at
3.5kWhm~3
Gong et al. .Solar—dr.iven Energy efficiency is 67.4% 32500 <50 0.3mLh~"! 7.9L m~2, calculated 250 gm—2 81% | [18-20]
[17] (2021) interfacial (solar energy to latent for a 3.1cm? from 0.69 L m~2h~1!
evaporation energy of evaporation) illuminated assuming 8 hours of
area sunlight
Ni et al. [21] Energy efficiency is 22% 30000 <50 0.39 L day ! 2.5Lm~? 75gm 2 -
(2018) (solar energy to latent for a 0.3 m?
energy of evaporation) prototype
Mao et al. [22] | Membrane Feedwater at 60 °C had 35000 <50 1.36gh~?! for 326 L m~2 assuming 11.4kgm—2 - [23-25]
(2020) distillation highest yield the 11.9 cm? 24 hours operation
membrane

)

The amount of fresh water needed for regeneration of PSP-MIL-53 was determined to be 1.5mLg~!. It is excluded from the yield.
The scalability is calculated but not demonstrated in the paper.
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Supplementary Method 1: Modelling of continuum thermodiffusion

Discretisation of governing equation

The model of thermodiffusive separation in the non-isothermal channel flow was conducted assuming a
continuum model [26] (in contrast to the discrete molecular dynamics model described in Supplementary
Method 6). The continuum thermodiffusion model is based on the conservation of chemical species
(NaCl) in a fluid flow with constant velocity field u. The governing equation is:

0
a(pC) + VpuC = -V, (1)

where p is the local density of the solution (kgm™) and C is the local concentration of the species
(in weight fraction or wt%); u is the velocity field and J is the mass flux. In the presence of both
concentration and temperature gradients, the mass flux J in a binary solution is [27]:

J=—-pDVC —pC(1 - C)DyVT. (2)

The first term on the right-hand side (RHS) describes the mass flux due to isothermal mass diffusion
(i.e. Fickian diffusion), which occurs spontaneously in the presence of a concentration gradient VC'. D
is the mass diffusion coefficient, which is always positive because molecules diffuse spontaneously from
high to low concentration regions. The second term on the RHS describes the thermodiffusive mass
flux, which is likely to occur in the presence of a temperature gradient V1. Dy is the thermodiffusion
coefficient, which may be either positive for thermophobic or negative for thermophilic species. The
Soret coefficient St is defined as St = Dt/D. The same as with D, St could be either positive or
negative, which corresponds to thermophobic or thermophilic species, respectively (because D is always
positive).

The fluid is a NaCl/H5O solution, with D and St being experimental values reported in the literature
[27]. Under the assumption of steady-state thermodiffusion, for a Soret cell without advection [1] and
assuming no lateral boundary effects as in Supplementary Fig. 2a, Eq. (1) is reduced to: 0 = pDVC, —
pC(1 — C)DyVT,. When considering transient thermodiffusion within a Soret cell, we apply the mass
conservation of the chemical species as in Eq. (1) in the form:

oc 0

P = 5y [PPVCy = pC(L= C)D2VT,). (3)

Next, vertical thermodiffusive separation in a horizontal Poiseuille flow with a binary solution was
modelled. The model is shown in Supplementary Fig. 2b. The fluid flows in the z-direction between
two parallel plates held isothermal at different temperatures. Our desalination method splits the
channel flow into two streams of equal flow rate at the channel outlet. Note that the velocity is not
modelled but set as an input in our modelling based on the analytical solution of a fully-developed
plane Poiseuille low. We then may apply multiple channels to scale up the separation process. Here, we
assume advection in the x direction with a fully developed velocity profile. In the y-direction, governing
equation remains the same as Eq. (3), i.e. unaffected by the advective term, while in the z-direction
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mass conservation is given by
oc 0 0
— 4+ —(puC) = —(—pDVC,). 4
Pop T g, PuC) = 5 (=pDV () (4)
A fully-implicit finite volume method (FVM) was employed to solve the governing equations, as
described in [28]. The discretisation equation is given below in Eq. (6) [28]. For calculation of

concentration at the grid interface, we consider the Péclet number, Pe, which is defined as the advective
transport rate to diffusive transport rate:

ul
Pe= —— )
0= o )
where L is the characteristic length. In the x direction, Pe, = u(x) L./ (D/L%,) > 1, thus an upwind

scheme is used. While in the y direction, Pe, = u(y)h/ (D/h*) = 0, so a piecewise-linear profile is used.
The coefficients at the control volume faces are calculated as the harmonic mean of adjacent grid values.
Grid and time-step dependence studies were performed. Grid size between 10 pm and 100 pm was tested
and 20 pm was deemed to be precise enough. A time step independence study was conducted varying
the time step between 0.01s and 1s; a time step of 0.1s was deemed appropriate.

aPCp = CLECE +aWC’W +CLNCN +CLSCS +d, (6)
where
D,
a g
E= Az
D,
a
W AT + Uy,
1 Cy D,
=Dv, VT, [ = — — —
N TnViy <2 4 ) Ay
1 s D,
= D VT, [ = - =2
s sV (2 4 ) Ay
AzxAy
d= "
At T
B AxAy D, n D, D, D
WETNG T AT Ar T Ay Ay

Verification and validation

Our diffusion-only modelling results (without advection) were first compared against the corresponding
analytical solution:

Oly) = {1 + exp (ySThAT + e)] _1, (7)

17



Supplementary Information

where € is a constant that can be determined by mass conservation. The analytical solution can only

be derived when the thermophysical properties are constants and the temperature gradient is constant,
thus it is a relatively accurate representation of the physical model only when the temperature difference
between top and bottom is small. The analytical solution for Tiean = 40°C and AT = 40K is C(y) =
[1 4+ exp (84.4y + 3.46)] "

The comparison between the analytical and modelling result at steady state in the absence of advection
is shown in Supplementary Fig. 3. Since the analytical solution cannot account for the temperature
dependence of the coefficients, in the simulation results of a the coefficients were taken as constant at
the mean temperature. A good agreement was obtained between the analytical and numerical solutions.
The simulation result with experimentally measured temperature dependence of St and D [27] is shown
in b. Due to the temperature dependence, the concentration profile is non-linear. The concentration
gradient is larger in the upper half of the channel where the temperature is higher, and St is also larger.

To validate the numerical model capturing time dependent behaviour, the one-dimensional transient
FVM results for different binary solutions were compared against experimental results reported in the
literature [1, 2] using the reported thermodiffusion coefficients and experimental conditions (including
Soret cell height h, initial concentration Cy, AT and Tiean) provided in those papers. A good agreement
between the simulated concentration profile (and concentration difference) and the experimental

results, especially at steady state, was obtained, as shown in Supplementary Fig. 4. This brings
confidence to our simulation method. In Supplementary Fig. 4a, for the isothermal diffusion phase, the
isothermal condition is not applied instantaneously in the experiment. In addition, the abrupt change in
temperature within the Soret cell could have produced vortices, especially close to the sidewalls where
temperature gradients are not horizontal (non-adiabatic condition). These effects could have contributed
to the discrepancy between experimental and simulation results based on ideal boundary and initial
conditions. In Supplementary Fig. 4b, the discrepancy for transient concentration profiles could be
explained by the scattered red dots that fall below the general trendline in Supplementary Fig. 4a,

i.e. the transient experimental concentration profiles may be inaccurate. For Supplementary Fig. 4c,
simulation results agree reasonably well within the experimental data, especially in the central part of
the Soret cell away from the edges.

Discussion

The validated model can then be used to predict thermodiffusive separation in a Soret cell without
advection. We define the time required to reach 95% of a complete thermodiffusive separation between
channel walls as the “thermodiffusion separation time” 7y, i.e. ACyans = 0.95 ACsteady Where ACseady
is the maximum possible separation achieved when ¢ — oo in a convectionless cell. Simulation results in
Supplementary Fig. 5a confirm that for aqueous electrolytes such as seawater, the thermodiffusion time
constant 7, can be accurately calculated as
h2
Tth — %, (8)
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which has been experimentally observed [1, 29]. Here, h is the channel height and D the mass diffusion
coefficient. Equation (8) does not depend on the thermodiffusion phenomenon itself when St < 0.1 K1,
Supplementary Fig. 5b shows the transient thermodiffusive separation without advection in terms of the
concentration difference between walls (ACyans) as a function of time. The separation rate is first large
but then plateaus, converging to ACsieadqy. Furthermore, 7y, is generally independent of AT. Next, we
model thermodiffusive separation in a channel with advection. Supplementary Fig. 5¢ shows the fully-
developed steady-state concentration profile ACy., for a range of different temperature differences across
a 1 mm high channel for the planar Poiseuille flow (as in the TDU experiments). Interestingly, a high
degree of similarity exists between the concentration profile that is far into the channel (e.g. 500 mm)
and the case without advection, i.e. ACqey ~ ACsieady. AT is a major factor that determines the
degree of thermodiffusive separation. It is noted that for the condition of AT = 60K, the ACyays is
11% of Cy, but after accounting for the effect of the parabolic velocity profile (with no-slip boundary
condition), the concentration difference between the top half and the bottom half of the saline steams

is 4.7% of Cy. As St is generally temperature dependent with the existence of an inversion temperature
To where St(Ty) = 0, the choice of the temperature range is important. Though larger AT generally
results in larger ACy.ns, getting close to or even encompassing Ty within the applied temperature range
may result in marginal improvement in separation. The Schmidt number (defined as Sc = v/D, where
v is the kinematic viscosity) for aqueous NaCl is ca. 599 at 25°C, i.e. the mass transfer is advection
dominant in the x direction. Therefore, due to a Poiseuille flow in the x direction having a high value of
Sc (and the flow being laminar), one-dimensional modelling of mass diffusion in the y direction is a good
approximation for evaluating ACyans and 7yy,.

Supplementary Method 2: Design rationale for a thermodiffusive
desalination channel

Based on the knowledge gained on thermodiffusive separation in a laminar channel flow from continuum
modelling (Supplementary Method 1), we can design a thermodiffusive desalination channel. First,
dimensionless numbers and entrance lengths were calculated to confirm a laminar flow regime, a fully-
developed velocity profile, and quasi-linear temperature profiles. Next, the effect of the TDU channel
dimensions on the flow rate (yield) and the heat flux (energy consumption) were analysed. It was found
that the thermal energy consumption per unit of desalinated water produced is independent of the
channel dimensions. Finally, considering practical limits such as heating and cooling power capacity

(e.g. using water baths as in our experiment) and practical device dimensions, the TDU channel size was
determined.

Through our CFD modelling detailed in Supplementary Method 1, we calculate the thermodiffusion
time constant 7, from Eq. (8), and the results are shown in Supplementary Fig. 5a. We noticed that
Ten 1s relatively large even for a small A, as shown in Supplementary Fig. 5b, in a 1 mm height cell, 7,
is around 90s. This imposes a limit on the flow speed u4ey along the channel if we are aiming for a
fully-developed concentration profile. The fully developed mean velocity in the channel then becomes
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(substituting Eq. 8) ,

L  Lr*D

Udev = H T2 (9)
Another important aspect to consider when designing a parallel-plate thermodiffusive separation

channel is that the established concentration profile in the y-direction due to thermodiffusion remains
undisturbed, i.e. the fluid flow is laminar and without buoyancy. Since there exists a positive
temperature gradient across the channel height, a negative Rayleigh number (Ra) is produced yielding

a stabilising condition for positive values of St [1]. The fluid motion is created only by forced convection
along the TDU channel with the pump controlling its flow rate. The Reynolds number (Re) is calculated
from its definition Re = puL./u, where the characteristic length L. is the channel height h for a parallel-
plate channel and when substituting the flow speed calculated in Eq. (9), the Reynolds number for a
fully-developed flow becomes

wpL D
hyp

Thus, Reqey can be plotted for different channel dimensions as shown in Supplementary Fig. 6a. For a

Redev = ( 10)

range of channel dimensions, we see that Rege, is well below the critical Reynolds number threshold,
thus confirming that a laminar flow regime is caused when imposing the constraint of 7, Eq. (8).

Furthermore, the entrance length can be solved analytically since Regey is known. The normalised
hydrodynamic entrance length is L,/L = 0.04Reqeyh/L [30]. Substituting Eq. (10), it becomes
2

Ly _ 0.04pm D7 (11)

L It
which is less than 0.1% for the corresponding thermophysical properties of water in the operating
temperature range. Furthermore, from the definition of Prandtl number Pr, the normalised thermal
entrance length is Lt/L = PrL,/L. Since Pr < 15 for liquid water under normal pressure, Lt/L is
always smaller than 1%. From the analytical calculation, we see that the normalised entrance lengths for
momentum L, /L and heat Lr/L are both independent of channel dimensions and are less than 1% of
the total channel length. Thus, both a fully-developed plane Poiseuille flow through most of the channel
and a quasi-linear temperature profile along the channel height are valid assumptions.

We then consider two important design parameters for the separation device: the areal flow rate @Q,.,
which is the volumetric flow rate per unit channel width (Q/,, = Q/w), and the areal heat flux ¢},
which is the heat transfer rate per unit channel width (¢}, = ¢/w). The areal flow rate is set such
that a near full separation occurs at the channel outlet, i.e. Q)., = h X ugey = hL/Ti (recall Eq. 9).
Combining with Eq. (8), the areal flow rate becomes

DL
Moreover, from Fourier’s first law of conduction, i.e. the conductive heat flux being ¢ = —kdT/dy =

q/(Lw), the areal heat flux normal to the hot and cold channel walls becomes

ATL

A e 13
qdev h ) ( )
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where k is the thermal conductivity of the saline solution. Hence, under the conditions of fully-
developed concentration profile and from Egs. (12) and (13), the thermal energy consumption per unit

of desalinated water is
Gaev _ 4 AT

Qiﬂlev B 7T2'D7
which is independent of the channel dimensions. The preferred design features of a TDU are large
volumetric flow rate () with a large species separation AC'. Based on the above discussions, some

relationships are now clear. For the volumetric flow rate ) through a channel of width w, the following
expression is obtained

Ey = (14)

Lw
Q= Qéevw X T’

where Eq. (12) was substituted. For the concentration difference between walls, the following expression

(15)

can be obtained from Supplementary Fig. 5b:
ACjey o AT. (16)

In addition, another limiting factor is the thermal power supply from the water bath in the lab, Py, or
from any other heat source (such as industrial waste heat or heat from the surrounding environment).
The heat transfer rate ¢ normal to the channel upper and lower walls becomes:

ATL ATL
q:qgevxw:k th( hw7 (17)

which is obtained directly from Eq. (13) and the definition of areal heat flux. Comparing Eq. (17)
with Egs. (15) and (16), we arrive at the conclusion that the overall salt removal rate of QACqey is
proportional to the heat flux through the channel and hence constraint by the power input Ply,.

For the purpose of reducing the error in concentration measurement, we aim for large AC' without an
excessively small (). Thus, a rather large AT of 60 K is chosen. Based on the power rating of the water
bath (ca. 415 W) and the thermal conductivity of saline water, the channel dimensions must satisfy the
following condition

Lw wa

— <

h — ATk

To minimise the risk of burning hazards, instead of setting the lower wall temperature to 20°C (hot
wall to 80°C), we set the cooling temperature to 10deg °C (hot side at 70°C), which yielded the cooling
capacity of 415 W. This configuration slightly reduces the separation due to the lower mean temperature

=115m (18)

(Fig. 2a). One important condition and assumption for all the above numerical and analytical work is
the existence of a fully-developed plane Poiseuille flow, i.e. u, = u(y) and u, = u, = 0. To keep this
condition, we defined an aspect ratio r = w/h = 20. In this case, in the z direction, the boundary
layer thickness is approximately the same as h [31], which is only around 5% of w and the assumption
u = u(y) is still acceptable. Thus, the length of the TDU is calculated as [ = =% x 1 ~ 0.5m

ATk r
(substituting Eq. 18). The flow rate is calculated as 12.4 mL min ",

The above analysis was limited to the scenario where the concentration profile is nearly fully developed
in the TDU channel. Next, we explore the possibility of having an incomplete separation within the
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TDU which may increase the yield (albeit with a lower separation, which may be further processed with
the TDU circulation strategy in Fig. 3). In Supplementary Fig. 6b, we define the separation ratio as the
ratio of concentration difference at the channel outlet AC,,; to that of a fully developed flow ACyey, i.e.
ACyu/ACqey. The separation ratio is plotted as a function of the areal flow rate )’. It is shown that for
a constant channel height h, the areal flow rate can be doubled if we aim only for a separation ratio of
0.8 instead of 1. The drop in separation can be justified if increasing the yield is more desirable (e.g. in
irrigation applications with crops having a high salinity tolerance). Until this point, the TDU dimension
and operation conditions have been designed: h = 1mm, L = 0.5m, w = 20mm with AT = 60K and
Q =~ 10 to 16mLmin~!. Based on the above parameters, we confirm that Re < 10 and both L, and
Lt remain negligible relative to the total channel height Lg,.. In addition, in the x direction, Pe, is in
the magnitude of 10, which means the effect of Taylor dispersion is pronounced and the effective mass
diffusion along the channel is enhanced by the shear. The high degree of agreement between experiments
and simulations (Figs. 2a,b and 3a,b), which utilise an upwind scheme in the x direction and piecewise
scheme in the y direction, also support this assessment.

Supplementary Method 3: Measurement of thermodiffusive separation

3.1 Measurement methods

In Method A (Supplementary Fig. 8b), we used the same method as Torres et al. [3] when measuring
Fickian diffusion coefficient D by observing the concentration field between a high- and a low-
concentration solution. Essentially, in Supplementary Fig. 8b, when assuming a linear relationship
between the unwrapped phase difference 1) and the concentration difference AC', the contrast factor
CF = og% can be calculated as %, where OP is the optical path of the test cell. If CF is first
determined with solutions of known AC, then the concentration difference between two unknown

solutions can be calculated from v extracted from the unwrapped PSI images.

In Method B (Supplementary Fig. 8c), we eliminate the mixing that occurred during the injection
process by placing the solutions separately in a two-chamber cell as shown in Supplementary Fig. 8c.
With the two solutions separated, the interference data previously observed (i.e. discontinuities in the
phase-shifted data shown in Supplementary Fig. 8b) disappear. In this technique, due to the partitioning
wall between the two chambers, the numbers of periods between the two solutions cannot be directly
determined visually. Thus, it is important to reduce the OP until there are no discontinuous changes of
¢ between the two solutions with its value less than one period (i.e. ¥nigh — Yiow = Phigh — Plow < 27).
Since CF is positive, Ay = nigh — V10w should always be positive. If ¢pigh — Prow < 0, then they are not in
the same period and 27 should be added when calculating At. The calculation of the phase difference
using Method B should follow Eq. (19). We noticed that the CF measured using the two-chamber
methods is slighter higher, indicating that the mixing during injection (method shown in Supplementary
Fig. 8b) introduced some inaccuracies. All binary NaCl/HO solution concentration differences in the
paper were measured with Method B, and Method A was used to ensure the ¥pnigh — V10w < 27.
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Aip =

{¢high — QDlows if (Phigh — Prow) > 0 (19)

Ghigh — Plow + 27, if (Phigh — Prow) < 0

3.2 Measurement accuracy

To test the accuracy of our device, we prepared six sets of standard solutions of NaCl/H,O with known
concentration differences. The six sets of solutions prepared had a mean concentration of Cican

25000, 30000, and 35000 ppm with AC'/Cliean = 0.02 and 0.03. Each standard solution was prepared
gravimetrically with a total solution mass of 50 g + 1 mg and a salt mass of around 1.5g + 1 mg. Based
on AC' calculated from the sample preparation process and A calculated using Eq. (19), CF was

calculated as 1.66rad gmg ' mm™! with an error §CF of 0.05rad gmg ! mm™!.

Thus, we use PSI to measure the concentration difference with the relationship:

At

AC= 5P

(20)

OP is a fixed value as the equipment is unchanged throughout the process. The relative error AC/AC
is calculated through error propagation:

saeN?  fscr\?]"”

—_— — 21
(%) ()] o
The error in the unwrapped phase difference A is the standard deviation when A is obtained for
each pair of pixels using Eq. (19) for each individual measurement. The relative error in the contrast
factor 6CF/CF was calculated from six sets of standard samples and is 0.030. Thus, for a typical 3L

Ay
% is around 10.5%. This corresponds to the

SAC
AC

value that is around 10%, the propagated error for the
vertical error bars in Figs. 2a,b and 3a,b.

23



Supplementary Information

Supplementary Method 4: Temperature profile in separation channel

Despite aiming for a constant temperature difference of 60 K in the design process, we noticed a large
variation of the temperature profile along the channel. Thus, we experimented with three different water
circulation profiles, one parallel flow configuration and two counter flow configurations, each with the
same AT,. Here, AT, is the temperature difference between the set temperatures in the water baths,
while the measured temperature difference AT,qqs is lower than that value. For AT, = 60K, values of
AT eas varied between 31 to 37K. For AT, > 60K, the heat exchange between the two water baths
seemed too large, resulting in a marginal increase in AT} eas. The ACyans is shown in Supplementary
Fig. 7. Comparing the two counter flow configurations, we see that the water flow has little impact on
the temperature profile, i.e. the Counter Flow 2 temperature profile is almost the mirrored version of
Counter Flow 1. However, when hot water is circulating in the opposite direction to the saline water in
the channel (Supplementary Fig. 7a), the Tjean is higher closer to the channel exit, which is equivalent
to larger St. Therefore, a larger AC' can be obtained.

When comparing the counter flow and the parallel flow configurations, we see that at a very small

flow rate of 1 mLmin~", the parallel flow configuration can give slightly larger ACyans at the channel
exit. However, when the flow rate is higher, a relatively constant AT},c.s is preferred. We see in
Supplementary Fig. 7c that the AT}e.s is increasing from x = 0.1m, but a slightly larger flow rate
means there is not enough time for the concentration profile development to catch up with the varying
temperature profile. Based on these observations, we chose the configuration in Supplementary Fig. 7a
for the multiple-pass experiment. The temperature profile along the channel wall can be affected by
bubbles accumulating on the heat exchange surface. Due to buoyancy, bubbles appeared more frequently
on the top surface of the cold (bottom) water circulation cavity (as indicated in Supplementary Fig. 1b).
For nearly identical wall temperature profiles, the thermodiffusive separation was found to have a good
repeatability based on four trials where the set Tyean = 40°C and AT = 50K yielded AC = (429 +
49) ppm. The error is within the accuracy of our in-house PSI concentration measurement system.

Supplementary Method 5: Multi-component saline water re-circulation

Despite the limited data available to determine the thermodiffusive behaviour of a multi-ion electrolyte,
we believe it is essential to demonstrate the concept of TDD with seawater. Artificial seawater was
produced from sea salt harvested using solar evaporation. The artificial seawater is passed through the
TDU multiple times and concentration of different ions are already plotted in the main text. Single-
wavelength PSI cannot distinguish between different ions. Thus ICP-AES and ICP-MS were performed
by two different labs at ALS and ANU labs, respectively. We noticed that different calibration and
measurement procedures can produce different results. In addition, the occasional variations of certain
data points made it difficult to extract data from each pair of top and bottom solution from a single
pass. Thus it is important to derive a linear fit for Cyyop, exp as a function of the number of passes. Then
a reasonable estimate of the concentration difference between the boundaries can be derived: from Cgyop
and C derived from the linear fits. When assuming constant thermophysical properties, the analytical
solution Eq. (7) can be derived. Considering the concentration profile C'(y) that is derived from the
analytical solution with a parabolic velocity profile and equal flow rate into each stream at the outlets,
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the salinity drop Ceyop is around 18.5% of AC between top and bottom boundaries (Fig. 2d). After
deriving AC from Cgyop, ST can be calculated.

The mass flux J of component 7 in the presence of thermodiffusion for a multi-component solution is:

n—1
Ji=—=p|> DyVCi+ Dy, Ci(1—-C)HVT|, i=1,.n-1 (22)

k=1

where p is the density of the solution, D;; denotes the “cross-term” diffusion coefficients as the diffusion
of species k can induce the diffusion of species ¢ due to inter-molecular interactions, and D;, = Dy
when k£ = 4, which describes the dependence of flux of the component ¢ on its own concentration
gradient. D;; is referred to as the “main term” diffusion coefficient. In addition, each species has its own
thermodiffusion coefficient D ;. Since data on the cross-terms are not able to be calculated due to the
large relative errors in ICP measurements, in an effort to derive D7 ;, there are two options.

First, we can treat the multi-component electrolyte as a combination of different binary aqueous
solutions. The results for “Nat”, “Mg?*”, and “Ca?*” are listed for the multi-ion solution in
Supplementary Table 2. The mass flux of ion 7, J;, is independent from the concentration gradient of
any other species. That is, there are null cross-term diffusion coefficients D;; = 0 when k # 4. Then, St
and D/T,i can be written as a function of each other and of D;;, whose values are that of binary solutions
reported in the literature. In this study, we found the optimal value of St in the range of [0,1] K~*
using a single-variable optimisation technique called the golden-section method [32]. The constant € in
Eq. (7) can be solved numerically based on mass conservation:

/0 ' Cly)dy = Coh. (23)

The second way to interpret multi-component electrolyte diffusion is to make an assumption that ions
move collectively as a single species. The results are listed for “All cations” in Supplementary Table 2.
In this case, we treat the multi-ion solution as a binary solution of ions and water. St can also be
extracted for this binary solution by applying the golden-section method to obtained experimental data.

We prefer the simplification of treating seawater as a binary mixture of water and ions because we are
only interested in the overall removal rate of all the ions instead of individual ion behaviour. Through
molecular dynamics simulation, we found that all species in the seawater move collectively, as has

been pointed out in the section ‘“TDD at the molecular level’. We believe the likely cause is the strong
electrostatic coupling in ionic electrolyte, which makes it different from the thermodiffusive behaviour

of some hydrocarbon mixtures where one component show thermophilicity while the other two show
thermophobicity [33]. Therefore, seawater can be effectively treated as binary mixture of ions and water.

Another reason for simplification is that the calculation of these cross-diffusion coefficients rely heavily
on the accurate quantification of the concentration of each species in the solution. However, it is not
quite possible to perform this task for seawater. For aqueous electrolytes, its composition cannot

be viewed as NaCl, MgSO, etc. but as Na™, CI', Mg?*, SO4*" because the ionic bounds are broken
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and the cations and anions are separately surrounded by water molecules. This means seawater

is essentially a twelve-component (or even more) mixture. ICP-OES or ICP-MS can only roughly
measure the concentration of cations and we won’t have knowledge of the anion concentrations. In
addition, the working principle for the ICP methods is that it measures the intensity of the flame at
different wavelengths so that the concentration of different cations can be determined. For seawater,
Na™ is overwhelming abundant, making measuring the slight changes in the light intensity at other
wavelengths difficult. Despite many communications and iterations with the ICP lab on campus, we
could not achieve a better accuracy with the ICP measurements. That means the method of physical
extraction then measure the sample concentrations is not possible. The other way is to use non-
intrusive optical method. However, two-wavelength system is need for ternary solution [34] and for each
component added, a different wavelength has to be added to the optical system. Moreover, there is the
exponentially increasing workload that’s related to contrast factor measurement [34]. So far, to the best
of our knowledge, when it comes to thermodiffusion, the cross-diffusion coefficients are only calculated
for ternary solution in published data and there is a group trying to characterise quaternary solutions
with a three-wavelength laser. For a twelve-solution mixture, we cannot quite think of possible ways

of arranging eleven different lasers on an optical table and we believe at this point of time, it is not
possible to extract the cross-diffusion coefficients for each component in seawater.
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Supplementary Method 6: Molecular dynamics modelling

A model of thermodiffusive separation of multi-ion solutions in a non-isothermal environment was
conducted using a discrete molecular dynamics model. The MD simulations were performed by
Nanoscale Molecular Dynamics (NAMD) simulation software [35], following the MD framework for
assessing thermodiffusion in aqueous electrolytes published in our previous work [36]. All deviations
from the previous methodology are detailed below.

6.1 Model setup

NaCl brine and seawater brine solutions, each consisting of approximately 14 000 water molecules
and 650 ions, were contained within a rectangular prism of 20 x 5 x 5 nm with periodic boundary
conditions. Structure and geometry parameters for the TIP3P-FB water molecules were sourced
from [37]. TIP3P-FB compatible monovalent and divalent ion parameters were sourced from [7]

and [8] respectively, having been fit to recreate hydration free energy. These molecule parameters
accurately recreate thermodiffusion in aqueous NaCl solutions [36]. A multi-ion brine solution was
constructed to approximate natural seawater while remaining compatible with the MD simulation set
up. lon compositions of the seawater brine and comparable control NaCl brine solutions are shown in
Supplementary Table 1.

6.2 Temperature regulation

A quasi-linear temperature profile was achieved across the z-axis using volume defined thermostats
designed by [38] with no explicit energy conservation algorithm, as described in [36].

6.3 Simulation time step and non-bonded interactions

All parameters were equivalent to those used in [36], except for the grid size of the particle mesh Ewald
scheme that was altered to {X = 216, Y = 54, Z = 54} to fit the simulation box dimensions.

6.4 Simulation systems and equilibration

Initial configurations of the seawater and NaCl brine solutions had ion molecules placed randomly

in the simulation volume using the Packmol software [39] and water molecules placed randomly with
the VMD plugin solvate. The dilute concentrations of Mg?*, Ca?*, K*, F~, and Br~ ions were
placed independently to ensure an approximately uniform distribution of each ion species across the
temperature axis (z-axis) and reduce time to quasi-steady state [4]. Unique initial configurations were
generated for each simulation replicate (three replicates of NaCl brine and four replicates of seawater
brine) and energetically minimised for 100 steps using a conjugate gradient and line search algorithm.
An equilibration simulation was run for 1 ns at constant temperature of 40 °C and constant pressure
of 1.013 25 bar. The equilibration simulation parameters were identical to those described in previous
work [36], except that pressure was maintained by fluctuations in only the z-axis using Nosé-Hoover
Langevin piston control under a constant area constraint. This allowed the temperature axis (x-axis)
to remain fixed so as to be a consistent dimension across simulation replicates. Thermostat calibration
was undertaken for each replicate of the seawater and NaCl brine solutions, identically to the methods in
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previous work [36]. Thermostat target temperatures were set 20 K more extreme to achieve the desired
temperature range of 20-60 °C.

The final frame of the equilibration simulation was used as the beginning of the production run. The
initial velocities of replicates were randomly assigned to atoms to recreate a temperature distribution
centred around 40 °C. The simulations were run for 280 ns in a constant volume and temperature
environment, with both thermostats applied. The first t; = 20ns of the production simulation was
attributed as the time for the diffusing system to reach quasi-steady state, as calculated by the scaling
law of [4]. Supplementary Fig. 9 shows the convergence of the NaCl brine concentration profile over
the time length of the simulation, and validates t; = 20ns as a reasonable estimate of the time to
reach the quasi-steady state condition. Supplementary Fig. 10 shows the convergence of the seawater
brine concentration profile over the time length of the simulation, where individual ion concentrations
are considered separately. Supplementary Fig. 10a shows that {; = 20ns is reasonable for the
convergence of the ion concentration profiles that had significant initial concentrations (Cl~, Na™, and
Mg?T). Supplementary Fig. 10b and 10c assess the convergence of the seawater ions with smaller initial
concentrations, Ca?*, K*, Br~, and F~, highlighting the sampling issue of characterising the quasi-
steady state behaviour of very few ions. Overall, the quasi-steady state concentration and temperature
distributions of the ions in simulation were analysed in the simulation time interval [20, 280] ns.

6.5 Data analysis

All data analysis was completed using custom Fortran scripts or in Jupyter Notebooks using the
packages numpy, math, scipy.optimise, scipy.stats and pymbar. The production portion of

each simulation trajectory was used to calculate a time-averaged ion concentration, Cio,(x;), water
concentration, Cyater(;), and temperature profile, T'(z;), across the z-axis following the same analysis
technique as described in [36], with a bin width of 1nm (i.e. z; = [0.5,1.5),[1.5,2.5),...,[19.5,20.5)
nm for i = 0,1,...,19). We make the assumption that ions move collectively as a single species at the
macro-scale level due to their electrostatic attraction, and therefore denote Cion(x;) to be the combined
ion concentration. The concentration profiles of individual ions were also calculated for more detailed
analyses. The mass fractions of the ions were calculated from the ratio of the local mass of ions to

the mean mass of the solution. Data points that lie within the thermostat regions were excluded from
further analyses. A temperature range discretisation (7" € [20,60] °C with a bin width of 4.5°C) was
introduced to collect Cion(x;) and T'(x;) values across the simulation periodic boundary and create an
average ion concentration against average temperature profile for each replicate, Cio,(T). Note that T is
the average temperature of T'(x;) values collected into a given discretised temperature bin and reported
with a standard deviation in the mean. Cjo,(T) was then averaged across simulation replicates (four
replicates for seawater brine and three replicates for NaCl) to create Cion(T). Due to the low number of
simulation replicates, the spread in Ci,,(T') was reported as a 95% confidence interval calculated from
the standard deviation amongst replicates of Cion(T).

Thermodiffusive separation was characterised by a total concentration drop between the high (T}, =
60°C) and low (Tyoq = 20°C) temperature regions, evaluated from a linear fit of Ci,,(T) for seawater
brine and NaCl brine solutions. The linear fit was performed using the function linregress of the
python scipy.stats package with goodness in the fit reported by an R? value. An error in the linear
fit was characterised from the maximum difference in fits when considering the standard error in the
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slope and intercept parameters, while ensuring the average ion concentration of the profile is conserved.
Optimal values for the binary ion—water Soret coefficient, St, for seawater brine and NaCl brine were
found from the linear estimates of the ion concentration drop in each solution, using the golden-section
method described in Supplementary Method 5.

6.6 Thermodiffusive behaviour of individual ions in a seawater substitute

MD simulations can provide insight into the ion—ion interactions in a multi-component solution. Here we
decompose the behaviour of the modelled seawater brine solution into the individual ion concentration

profiles to better understand why the seawater brine exhibited stronger thermodiffusive separation than
NaCl brine.

Supplementary Fig. 11 compares the concentration profiles of individual ions in NaCl brine and seawater
brine. We focus on the ion species with significant concentrations in the initial brine solutions, that is,
Cl7, Na® and Mg?". The concentration profiles of the other ion species in the modelled seawater brine,
Ca?t, K*, F~ and Br™, are disregarded due to the statistical sampling issue of the small number of ions
in the model solution. In Supplementary Fig. 11, each ion concentration profile is normalised to the
average concentration of that ion in the solution, to allow comparison of the strength of ion separation.
All ions showed thermophobic separation, with concentration increasing as temperature decreases. The
Cl~ and Na™ profiles are well described by linear lines of best fit. The Mg?" profile is also reasonably
described by a linear line of best fit, however close to 25°C the Mg** profile flattens, showing evidence
of the direction of thermodiffusion switching (the inversion temperature). The strength of separation
for each ion species is characterised by a separation percentage, that is the difference between the
normalised ion concentration at the temperature extremes, T.,q = 20°C and Ti,,; = 60°C, as given by
the linear fit. Supplementary Fig. 11a, compares the C1- and Na™ concentration profiles in NaCl brine.
Supplementary Fig. 11b compares the C1~, Na*, and Mg?* concentration profiles in modelled seawater
brine.

Approximating an aqueous electrolyte solution as a binary solution of ions and water is appropriate

for single salt solutions, but is a simplification of the ion—ion interactions within multi-component
electrolyte solutions. From Supplementary Fig. 11a we see that the Cl~ and Na*t concentration profiles
are identical to one-another, with a separation percentage of 5.4%. In this single salt solution, the
quasi-steady state dynamics of the cation and anion are coupled via electrostatic attraction, and so the
system can reasonably be approximated as a binary solution of ions and water. In a multi-component
electrolyte, such as our modelled seawater brine, this is not the case. From Supplementary Fig. 11b

we see that the C17, Na* and Mg?*t concentration profiles differ from one-another. Mg?* has the

largest separation, characterised by a separation percentage of 25.4%, followed by Cl~ with a separation
percentage of 10.6%, and then Na™ with a separation percentage of 6.7%. The quasi-steady state
dynamics of these cations and anion are influenced by their electrostatic interactions, however each ion
maintains a unique concentration profile. Making the approximation that a multi-component electrolyte
solution can be reduced to a binary system of ions and water is an over simplification that removes
detail of the ion—on interactions. It is interesting to note, therefore, that thermodiffusive desalination of
natural seawater may remove certain ions from the solution faster and more successfully than other ions.
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A key result from this work is that the salinity reduction of a multi-ion seawater substitute via TDD
would be comparable to or larger than that predicted for NaCl/H50O solutions. In particular, the

MD simulations predict that the modelled seawater brine has an effective Soret coefficient ca. 1.8

times larger than that of NaCl brine. By analysing the individual ion components of the seawater
brine, show in Supplementary Fig. 11b, we propose that the stronger thermodiffusive separation
predicted for the modelled seawater brine is likely driven by the strong separation of the Mg?* ions and
consequent ‘flow-on’ electrostatic interaction between Mg?™ and the other ions in solution. Mg?** has the
strongest individual ion separation of 25.4%. Cl~, an anion, has a primary response to the non-uniform
Mg?*+ concentration due to electrostatic attraction, and consequently the C1~ separation percentage

is increased to 10.6% (larger than the 5.4% separation of C1~ in NaCl brine). Na™, a monovalent
cation, responds to the higher C1~ separation (and consequently has a secondary response to the large
Mg?* separation), increasing the Na™ separation percentage to 6.7%. Note that both the C1~ and

Na™ separations in the presence of Mg?t are increased from the 5.4% separation in the NaCl brine,

as in Supplementary Fig. 11a. Overall, we propose that the strong separation of the Mg?* ions and
consequent ‘flow-on’ electrostatic interaction between Mg?* and the other ions in solution is the likely
driver of the larger effective Soret coefficient predicted for the modelled seawater brine.
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Supplementary Method 7: Burgers cascade modelling

The following flow assumptions are made in the modelling and design optimisation of the Burgers
cascade: (1) mixing of the two streams happens instantaneously at the inlet of each cell, (2) the
concentration profile fully develops in each cell, and (3) the two streams at the outlet of the cell are
perfectly bifurcated at the horizontal mid-plane. Regarding the operating temperature, thermodiffusion
is a process that does not involve any phase change so the maximum temperature should be less than
100 °C under sea-level pressure of 1atm to avoid boiling. For TDD to be competitive with existing and
emerging desalination technologies (e.g. see Supplementary Table 3), it is crucial that we utilise low-
grade thermal energy such as industrial waste heat or solar thermal energy for heating, while the cooler
environment acts as a heat sink via natural convection. Thus it is reasonable to assume the cold side

of the Burgers cascade is at T,,q = 30°C and the hot side is at Tj,o; = 90°C. The freestream water
temperature for the heat sink could be less than T,,, = 10°C if sourced from beneath the oceanic
mixed layer. Given that the convective heat transfer coefficient hco,, for water under natural convection
is generally less than 1000 Wm =2 K~! [40], maximum convective heat flux Geonv, max = MeonvATeony =
1000 Wm=2K~! x 20K is less than 20kW m~2. Note that the heat flux of 20kW m~2 is larger than one
sun at normal irradiance (ca. 1kW m™2). A simple solar collector is enough to provide a concentration
ratio of 20 to achieve the required heat fluxes when supplied via solar thermal energy. Next, based on
Fourier’s law of heat conduction, ¢ = k% < Qeonv, max informs that the channel height h should be
greater than 1.9 mm.

The next parameter to consider is the volumetric flow rate (). Based on the assumption that the
concentration profile has fully developed in each cell, the residence time of the fluid in each cell is
equivalent to 7y, which is proportional to h? as discussed in the Supplementary Method 1. In addition,
the number of cells required in the Burgers cascade is determined by the target salinity drop, e.g. for

a salinity drop of 25000 ppm, M = 185 and N = 20 is required. Once we impose another limit, the
total surface area A of the Burgers cascade (planar side) and the lateral dimensions of each individual
cell, width w and length [, are interdependent as follows: lw = ﬁ. The total flow rate then becomes
Q = Tf—hwhN = MA—T’:h. To conclude the analysis, for a fixed condition of temperature and area, the yield
of the Burgers cascade for certain target low-concentration yield is only dependent on the cell height h.

An example is shown in Supplementary Fig. 13.

Supplementary Method 8: Energy consumption and thermodynamic limit

Another important aspect to consider is the energy consumption. The energy consumption of the
single-channel TDU is broken into two parts, one is the thermal energy, which is around 232 W (with a
23.2kW m~2 heat flux) and the other is the work rate W =1.4pW to overcome a pressure drop of AP =
17 Pa. Here, we apply a simple analytical solution to estimate the energy consumption, because the high
degree of agreement between the CFD results and the experimental results implies that the TDU can be
modelled as a two-dimensional channel. We consider a one-dimensional flow pattern (only dependent on
y; Supplementary Fig. 2) in the channel, whose vertical projection is taken as the calculation domain.
Thus the energy equation can be expressed as:
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D ) .
E/Sysepdxé: (ZQ+ZW>SyS. (24)
Here, the time rate of increase of the total stored energy of the system is equivalent to the rate of net
heat transfer Q and work transfer W in to the system, and e is the stored energy per unit mass. For a
simplified assumption where the flow velocity is constant and there is no height difference between the
inlet and the outlet of the channel, the stored energy can be simplified to be the internal energy so that
e = wu and the left-hand side of the equation can be simplified. TDD is a single-phase thermal process
and, in the experiments, AT across the channel was established by two water baths. The heat flux per
unit area was ¢ = k% = 232kWm2 and Q;, = 232 W maintains a temperature difference AT of
37K. However, AT can be established through solar irradiation and advection and such methods do no
require any electrical energy input, so the thermal energy transport Q may be excluded from the energy
consumption calculation. Such exclusion is reasonable given that moderate-temperature heat is rarely
used for practical applications. W is only related to the fluid pressure acting on the control surface, and

in the case of the TDU:

W= [ ~Puidd = Q(~Pu+ P (25)

where () is the volumetric flow rate. Therefore, the only electrical energy input into the TDU channel
is related to operation of the pumps to overcome the pressure drop. For a rectangular channel, the
pressure drop AP can be calculated as:

v

AP =
Dy 2

(26)

where f is the friction factor and for a rectangular cross section with an aspect ratio of 0.05, f = % =
7.35. Hydrodynamic diameter D), is calculated as Dy = % = 0.0019m. Thus AP = 17 Pa. Based on
Eq. (25), the work transfer becomes W =1.41W.

As discussed in the the Supplementary Method 7, for a target yield concentration, there exits a
minimum value of M and N that allows the Burgers cascade to reach the target concentration. Under
this condition, once the lateral area A of the Burgers cascade is fixed, then AP in each individual cell
can be calculated in the same way as the single channel TDU, with varying cell dimensions h, w, and

[ (w and [ are interdependent). The total pressure can be calculated as AP x M x N when ignoring
the impedance imposed by the bifurcation and recombination structure at the ends of each cell. To
verify the analytical solution, we compare it to a high-fidelity CFD that was performed for a Burgers
cascade in the literature [41]. For the Burgers cascade that is made of several of these mini parallel-
plate channels, the AP is 7.9 Pa in their paper. Following the analytical solution and multiplying by the
number of cells in the CFD model, we obtain AP = 6.5 Pa for the CO,/H,0 gas mixture. Therefore, the
analytical solution provides a good approximation for the pressure drop in the channel. Moreover, the
analytical solution can be scaled to approximate the AP not only in a parallel-plate TDU channel, but
also in a Burgers cascade that contains many small cells. This is how the pressure drop is calculated in
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Supplementary Fig. 13a. We noticed that for a target yield concentration of 5000 ppm, typical pressure
drop does not exceed 10kPa with a flow rate around 10 L day™'. Based on Eq. (25), the electrical power
consumption for such setup is 1.2mW and the electrical energy consumption to desalinated water to
this salinity is 3 Wh, m~3. Importantly, we excluded the thermal energy from the energy consumption
and only focus on the electrical energy required to drive the fluid flow. Furthermore, note that the pump
efficiency was not considered in this analysis because a suitable pump selection may produce efficiencies
above 90%.

The well-known thermodynamic limit (i.e. theoretical minimum energy of separation) for desalination is
around 1kWhm™3 based on the Gibbs free energy for separation [5]. However, the thermodynamic limit
is dependent on the the concentration of feedwater and yield water, as well as the recovery rate R, of
the desalination process. The minimal specific energy consumption per unit volume of produced water
SEC,.in can be calculated as:

Ct Cp Cp
SECuim = 2RT | —In = — ¢, In = | | 27
Ry, " ct & ncy (27)

where ¢ is the molar concentration and subscript f, y, b denotes feedwater, yield water and the brine
water, respectively. I is the gas constant and 7' is the absolute temperature. When ¢; and ¢, are known,
then ¢, = < hased on mass conservation. The above equation can be further simplified such that

1—R.,
SEC,in is only dependent on the recovery rate:

Ct cs — Ryc
SECn =2RT | —In ——— — ¢, 1
Ry "a(l—R,) "

cr — Rycy

(1= Ry) (28)

As shown in Supplementary Fig. 14a, desalinating from 35000 ppm to 0 ppm at a recovery rate of 50%
yields a theoretical minimum energy of separation of SEC,,;, = 1.1kWhm™3. While in Supplementary
Fig. 14b, desalinating from 30 000 ppm to 5000 ppm at a recovery rate of 10% requires SEC i,
0.4kWhm™3. In contrast, electrical energy alone consumed by TDD Burgers cascade is a small fraction
of the SEC ;.

Electric power savings when using TDD as a pre-treatment desalination method

When considering the potential of TDD as a pre-treatment method for other desalination technologies
that are more energy efficient when the feedwater salinity is lower, the specific energy consumption
per unit volume of produced fresh water for each technology should be calculated. For example, in the
case of RO, SECRgo is directly proportional to the applied hydraulic pressure [42], which scales almost
linearly with the feedwater salinity. While using the same model as in [42], we compared the power
consumption between two desalination pathways: (A) using RO as the sole method to desalinate from
seawater concentration to an acceptable potable water standard, i.e. from 30000 ppm to 1000 ppm; and
(B) using TDD first as a pre-treatment method to drop seawater concentration to 5000 ppm and then
RO to further desalinate to 1000 ppm. We found that the electric power consumption is significantly
reduced when opting for pathway B (hybrid TDD-RO) instead of pathway A (standalone RO), with

a reduction in electric power from 4.5 kWh, m™ (A) to 0.7kWh, m~* (B), which represents electrical
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energy savings of over 80%. It is also noted that when the feedwater salinity is lower than 5000 ppm
and the target salinity is 1000 ppm, ED is more energy-efficient than RO [42]. Hence, a hybrid TDD-ED
approach could be another feasible combination with electrical energy savings expected to exceed 80%.

Supplementary Table 4 | Reference list for desalination technology comparison (used in Fig. 6 main
manuscript). The literature source for the different developed desalination technologies. The different technologies
are: reverse osmosis (RO), multi-stage flash (MSF) and multi-effect distillation (MED), eletrodialysis (ED), Adsorption,
capacitive deionization (CDI), novel solar-driven (NSD) desalination, e.g. interfacial evaporation and contactless steam
generation, and membrane distillation (MD). The thermodiffusive desalination (TDD) method developed in this work is
compared against these technologies.

Desalination technology ;?;eé on Ref.
1 Kucera, 2023 [43]
RO 2,3 Karabelas et al., 2018 [44]
4 Patel, Biesheuvel and Elimelech, 2021 [42]
5 World Bank, 2019 [45]
MSF and MED 6,7 World Bank, 2019 [45]
8,9 Patel, Biesheuvel and Elimelech, 2021 [42]
ED 10 Doornbusch et al., 2021 [46]
11 Turek, 2003 [47]
12 Yang et al., 2013 [48]
13, 14 Wibowo et al., 2017 [10]
Adsorption 15, 16 Paul, Dynes and Chang, 2017 [49]
17 Mishra and Ramaprabhu, 2011 [50]
18 Ou et al., 2020 [9]
19 Roshan et al., 2022 [51]
20 Hsu et al., 2020 [52]
DI 21 Liu et al., 2015 [13]
22 Wang et al., 2019 [53]
23-25 Lado et al., 2015 [54]
26 Porada et al., 2012 [12]
27 Cooper et al., 2018 [55]
28 Gong et al., 2021 [17]
29 Ni et al., 2018 [21]
NSD 30 He et al., 2019 [56]
31 Dongare et al., 2019 [57]
32 Ni et al., 2016 [58]
33 Li et al., 2021 [19]
34 Ali et al., 2012 [59]
MD 35 Jantaporn, Ali and Aimar, 2017 [60]
36 Bouguecha, Hamrouni and Dhahbi, 2005 [61]
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