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Abstract: Reverse osmosis has become the most prevalent approach to seawater desalination. It is still
limited by the permeability-selectivity trade-off of the membranes and the energy consumption in the
operation process. Recently, an efficient ionic sieving with high performance was realized by utilizing
the bi-unipolar transport behaviour and strong ion depletion of heterogeneous structures in 2D mate-
rials. A perfect salt rejection rate of 97.0% and a near-maximum water flux of 1529 L m−2 h−1 bar−1

were obtained. However, the energy consumption of the heterogeneous desalination setup is a very
important factor, and it remains largely unexplored. Here, the geometric-dimension-dependent
ion transport in planar heterogeneous structures is reported. The two competitive ion migration
behaviours during the desalination process, ion-depletion-dominated and electric-field-dominated
ion transport, are identified for the first time. More importantly, these two ion-transport behaviours
can be regulated. The excellent performance of combined high rejection rate, high water flux and
low energy consumption can be obtained under the synergy of voltage, pressure and geometric
dimension. With the appropriate optimization, the energy consumption can be reduced by 2 orders
of magnitude, which is 50% of the industrial energy consumption. These findings provide beneficial
insight for the application and optimized design of low-energy-consumption and portable water
desalination devices.

Keywords: desalination; low energy consumption; two-dimensional material; heterojunction

1. Introduction

The shortage of freshwater is a severe challenge for humans and is predicted to worsen
in the future owing to growing industrialization, rapid population growth and urbaniza-
tion [1–3]. To address the lack of freshwater resources, the utilization of unconventional
water sources, such as seawater and wastewater, to increase water supply is urgently de-
manded as the ultimate solution [4,5]. For the desalination process, the energy consumption
is an important factor because most of the cost is attributable to energy consumption [6,7].
Membrane-based technologies have gradually gained considerable attention because they
are more environmentally friendly and show lower specific energy consumption compared
with the other competitive technologies [8–11]. In particular, reverse osmosis is currently
the most prevalent option because the specific energy consumption has been significantly
reduced from about 10 kWh/m3 to 3~4 kWh/m3 [12–15]. Under the thermodynamic limit
of 0.9 kWh/m3, there is still great potential for further development [8]. However, reverse
osmosis is still limited by the permeability-selectivity trade-off, which means the high
throughput and perfect rejection rate cannot be achieved together [16,17].
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Emerging two-dimensional materials provide a promising solution to the permeability-
selectivity trade-off in reverse osmosis membranes [18–21]. Two-dimensional membranes
(2DMs) present atomic thickness with low flow resistance and energy loss for precise
ionic and molecular sieving in aqueous solution, with applications in desalination and
wastewater treatment [22–24]. In addition, the energy and space barrier induced by the two-
dimensional structure and its tuneable physicochemical properties [25–27] can effectively
block most of the ions in the solution and generate a high rejection rate [28,29]. Several
strategies are proposed for excluding ions of hydrated diameter no more than 9 Å [30], in-
cluding cation control [31], capillary compression [32], physical confinement [9] and partial
reduction [33]. However, the sub-nanometre dimension in 2DMs greatly hinders water flux
lower than 0.1 L m−2 h−1 bar−1, which markedly limits industrial application [9,34].

In addition to size-based repulsion, more novel transport mechanisms at nano- or
sub-nano scale could be utilized to realize ion sieving or separation, including ion concentra-
tion polarization [35,36], asymmetric ion transport [37–39] and heterogeneous membrane
structure [40–44]. These phenomena can exist at scales larger than 1 nm, which effec-
tively enhance the permeability while maintaining the ion rejection. In this regard, these
novel transport mechanisms are considered to be hopeful approaches to resolving the
permeability-selectivity trade-off. Recently, Wei Guo’s group reported efficient ionic sieving
in a planar heterogeneous graphene oxide membrane with coupled electric fields and
hydraulic pressure [45]. Utilizing the bi-unipolar transport behaviour of heterogeneous
structures and the strong ion depletion state in the near-neutral transition zone under
certain applied electric fields, the conduction of both cations and anions is blocked. In this
way, the device obtains a perfect salt rejection rate of 97.0% and a near-maximum water flux
of 1529 L m−2 h−1 bar−1 without adjusting the interlayer distance to sub-nanometre scale.
The process provides a new route to realizing high-performance desalination. In-depth
and systematic research on the optimization of seawater desalination processes, such as
the ion rejection rate, water flux and energy consumption, is very important but remains
largely unexplored.

Herein, we systematically investigate the role of the transition zone in planar hetero-
geneous interface desalination with a special focus on the energy consumption. Based on
the combined Navier-Stokes (NS) equations and Poisson-Nernst-Planck (PNP) equations,
we study the influence factor of geometric dimension, the electric field and hydraulic
pressure on the ion rejection rate, the water flux and the energy consumption. The results
indicate that although the enlarged interlayer distance enhances the water flux, it also
undermines the ionic rejection rate. In particular, the size of the transition zone can signif-
icantly determine the performance of seawater desalination, including the ion rejection
rate and the water flux. Theoretical analysis reveals two competitive factors governing
the ionic transport. With the enlargement of the transition region, the ion transport in
the planar heterogeneous interface shifts from ion-depletion-dominated ion sieving to
electric-field-governed desalination. Intriguingly, the unit energy consumption can achieve
the minimum with the optimization of the transition zone size. Through adjusting the
geometric dimension of the transition zone, combined with other optimized parameters,
high salt rejection rates of more than 90% and high water flux can be achieved. The system
power consumption decreases by about 90% and is only 25~50% of the existing indus-
trial pure water energy consumption level [46,47], representing a feasible advance toward
practical applications.

2. Materials and Methods
2.1. Numerical Calculation

Ionic transport in planar heterogeneous 2D nanochannels driven by the electric field
and hydraulic pressure was analysed under the framework of continuum dynamics. The
coupled Navier-Stokes (NS) equations and Poisson-Nernst-Planck (PNP) equations were
used to calculate the ion transport behaviour. The heterojunction consisted of three parts,
the positively charged part (P-part), the negatively charged part (N-part) and the charge-



Materials 2022, 15, 3561 3 of 13

neutral transition zone in the middle (Figure S1). A 2D model was employed to simulate
the interlayer space of the 2D lamellas. The interlayer distance D was set to be 2 nm, which
ensured the accuracy of the continuous approximation and was close to the interlayer
distance of the 2D membranes [48]. The surface charge densities of the N-part and P-part
were set to −0.06 C/m−2 and +0.06 C/m−2, respectively [49]. The solution on both sides of
the model was 100 mM NaCl to simulate real seawater [50,51]. The coupled differential
equations with appropriate boundary conditions were solved through the finite element
method using COMSOL commercial calculation software. The ion concentration, electric
potential and water flux in the systems were obtained.

The ion transport in 2D nanochannels is analysed under the framework of continuum
dynamics. The combined Poisson-Nernst-Planck (PNP) equations and the Navier-Stokes
(NS) equations are used to calculate the ionic transport in nanoscale [52,53]. The PNP
equation is as follows:

→
ji = Di

(
∇ci +

zieci
kBT
∇Φ

)
(1)

∇2Φ = − e
ε
(c+ − c−) (2)

where i stands for the ionic species,
→
ji is the local ionic flux, ci is the local ion concentration,

Di is the diffusion coefficient, zi is the valence, and Φ is the local electrical potential. The
variables kB, e, ε and T represent the Boltzmann constant, the dielectric constant of the
electrolyte solution, the electron charge and the temperature, respectively.

The NS equation is as follows [54]:

→
u · ∇→u =

1
ρ

[
−∇p + µ∇2→u − (c+ − c−)∇Φ

]
= 0 i = +/− (3)

where
→
u stands for the fluid velocity, ρ is the density of solution, p is the pressure and µ is

the viscosity of solution.
The ionic flux satisfies the continuity equation,

∇ ·
→
ji = 0 (4)

The boundary condition for Φ is governed by Gauss’s law [55],

→
n · ∇Φ = − σs

ε0εr
(5)

where ε0 and εr denote the permittivity of the vacuum and the relative dielectric constant
of the electrolyte solution, respectively. εr = 80.

→
n stands for the unit vector in the normal

direction. The spacing charge density (σs) can be described as [45],

σs = F(z+c+ + z−c−) (6)

where F is the Faraday constant, 96,485 C/mol.; z+ and z− are the charge numbers of
cations and anions, respectively; and c+ and c− are the concentrations of cations and anions,
respectively.

The local ionic flux (ji) should have zero normal components at boundaries:

→
n ·
→
ji = 0 (7)

The finite element method was used to solve the coupled partial differential equations
with appropriate boundary conditions. In this way, the electric potential distribution, the
local ion concentration and the resulting ionic flux can be obtained. The total ionic current
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contributed separately by cations (I+) or anions (I−) can be calculated by integrating the
ionic flux in the cross-section of the model channel [48],

Ii = 2πe
∫

Djidr i = +/− (8)

where D is the radial size of the 2D channel.

2.2. Models Parameters

Details of the calculation model can be found in Table 1. Grid independence analysis
was carried out to achieve the necessary calculation accuracy (Figure S2).

Table 1. The parameters of the calculation models.

Parameter Description Value Parameters Involved in the
Manuscript

D Interlayer distance

2 nm
Figures 1, 2, 4 and 5,

Figures S1–S3 and S6–S9
2, 4, 6, 8 10 nm Figure 3

2, 6, 10 nm Figure S4
2, 10 nm Figure S5

L Length of nanochannel 100 mM Figures 1–5 and S1–S9

C0 Electrolyte concentration 100 mM Figures 1–5 and S1–S9

σ Surface charge density ±0.06 C/m2 Figures 1–5 and S1–S9

eL
Length of one-side charge

region

49 nm Figures 1–3 and S1–S5
49, 30, 20, 10, 2 nm Figures 4, 5 and S7

47.5, 10, 2 nm Figure 5
30 nm, 2 nm Figures S8 and S9

49, 40, 30, 20, 10, 2 nm Figure S6

d Length of the transition zone

2 nm Figures 1–3 and S1–S5
2, 40, 60, 80, 96 nm Figures 4, 5 and S7

5, 80, 96 nm Figure 5
40 nm, 96 nm Figures S8 and S9

2, 20, 40, 60, 80, 96 nm Figure S6

Dp Diffusion coefficient of Na+ 1.344 × 10−5 cm2 s−1 Figures 1–5 and S1–S9

Dn Diffusion coefficient of Cl− 2.032 × 10−5 cm2 s−1 Figures 1–5 and S1–S9

∆U Voltage
0.2 V Figures 1, 3, 5 and S1–S9

0.1, 0.2, 0.3, 0.4, 0.5 V Figure 2,
0.1, 0.2, 0.5 V Figure 4,

∆P Pressure
0.1 MPa Figures 1, 3–5 and S1–S9

0.02, 0.04, 0.06, 0.08, 0.1 MPa Figure S2
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Figure 1. The desalination process in the planar heterogeneous interface. (a) Scheme of the heteroge-
neous desalination setup. (b) The voltage-dependent ion depletion and enrichment in the transition
zone. The ion depletion effect under forward bias makes the ion concentration obviously lower than
that of the enrichment state and the bulk solution. (c) The evident desalination can be achieved under
ion depletion state assisted by the forward voltage. The voltages were set to be 0.2 V and −0.2 V.

Figure 2. Effects of electric field and hydraulic pressure. (a) The increased voltage can significantly
enhance the rejection rate while the water flux remains stable. (b) The water flux can be facilitated
linearly with the hydraulic pressure while maintaining the high ion rejection rate.
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Figure 3. The influence of interlayer distance. (a) The increased interlayer distance (D) degrades the
salt rejection rate (blue line) and enhances the water flux (black line). (b) The electric fields along the
blue and red lines were extracted to indicate the electric barrier. (c) The absolute value of the electric
field intensity with the interlayer distance of 2 nm is about 3 times higher than that of 10 nm.
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Figure 4. Influence of the geometric dimensions of the transition zone. (a) Schematic diagram of
the geometric parameters. (b) The increment of the transition zone reduces the rejection rate. (c)
The ion rejection generated by the applied voltage instead of the intrinsic charge separation and
potential barrier leads to high electric energy consumption. Through the optimization of the geometric
dimensions, the lowest energy consumption can be obtained.
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Figure 5. The mechanism. (a) The axial distribution of the ion concentrations under different
transition zone sizes. (b) The radial distributions of cations (cp) and anions (cn) indicate the charge
separation effect. (c) The ion concentration rises with the size of the transition zone. The ionic current
decreases with the transition zone and reaches the minimum. When the transition zone widens larger
than 80%, the current enhances sharply.

3. Results and Discussion

Assisted by a forward electric field, ion depletion occurs in the transition zone, and
the deionized water can be extracted from the depletion zone (Figure 1a). The total
ion concentration in the transition area is an order of magnitude lower than the bulk
concentration (Figure S3a). For comparison, the ion concentration is higher than the bulk
under the reverse bias. The transition zone plays the important role in the ion depletion
effect. The cations are attracted in the left negatively charged part owing to the electrostatic
interaction, while the anions are attracted in the right positively charged part (Figure S3b,c).
The forward bias forms a high potential barrier of 2 × 106 V m−1 in the transition zone,
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which prevents both the anions and the cations from passing through the transition zone.
This results in a low-conducting state in the transition zone. In sharp contrast, the ion can
easily enter the transition zone under the reverse bias. Therefore, the depletion effect under
forward bias makes the ion concentration obviously lower than that of the enrichment
state and the bulk solution (Figure 1b). Compared with the bulk concentration, the ion
concentration in the transition zone can be suppressed (+U) and enhanced (−U) 100 times,
respectively (Figure 1c).

The rejection rate and water flux can be regulated by the applied electric field and
the hydraulic pressure. The rejection rate is positively correlated with the voltage and
eventually reaches saturation of 96.89% when the applied voltage is larger than 0.2 V
(Figure 2a). This is in accord with the literature reports [45,56,57]. The water flux increases
linearly with hydraulic pressure, which is consistent with the results in the literature [58].
When the hydraulic pressure increases from 0 to 0.1 MPa, the outlet water flux increases
linearly from 0 to 1492 L m−2 h−1. The salt rejection rate in the solution remains stable
(Figure 2b).

The interlayer distance of the planar structure can affect the ion rejection rate and the
water flux. The calculation results show that when the interlayer distance increases from
2 nm to 10 nm, the rejection rate reduces notably from 96.9% to 86.8% (Figure 3a). The water
flux at the outlet enhances from 1492 L m−2 h−1 to 2195 L m−2 h−1 when the interlayer
distance increases from 2 nm to 6 nm, then reaching a plateau. The plateau is produced
by the limitation of fluid velocity in the outlet (Figure S4a.). When the interlayer distance
increases to more than 6 nm, the fluid velocity in the outlet remains stable (Figure S4b).
Limited by the total water flux in the outlet, the fluid velocity in the inlet decreases with
the increment of the interlayer distance (Figure S4c). Thus, the interlayer distance should
match the size of the outlet to obtain high water flux.

A too-large interlayer distance is unable to enhance the water flux and degrades the
rejection rate. The potential barrier in the transition zone dominates the ion rejection
effect. The increased interlayer distance weakens the potential barrier. The electric field
distribution profile along the central line zone demonstrates the details (Figure 3b). The
absolute value of the electric field intensity in the transition zone with the interlayer distance
of 2 nm is about three times higher than that of 10 nm (Figure 3c). The higher electric field
strength in transition zone leads to the lower ion concentration (Figure S5) and eventually
promotes the ion rejection effect.

The outlet size is directly related to the water flux. In the calculation model, the width
of the outlet is set to be the same as the size of the near-neutral transition zone (Figure 4a).
The inlet and outlet fluxes are equal, obeying the law of conservation of mass (Figure S6).
As expected, the larger outlet significantly increases the water flux (Figure S7). Intriguingly,
the outlet size can markedly influence the rejection rate. We fix the total length of the
calculation model and change the proportion of the transition zone from 2% to 96%. When
the transition zone increases, the decline in rejection rate occurs in all applied voltage
conditions (Figure 4b). In particular, when the applied voltage is relatively low (0.2 V),
the rejection rate decreases below 90% with a transition zone larger than 80%. Though the
higher voltage can enhance the ion rejection, the rejection rate also drops sharply if the
transition zone increases further.

The degradation of the rejection rate stems from the weakened ion depletion in the
large transition zone. The ion concentration of the short transition zone (Figure S8a) is
significantly lower than that of the long transition zone (Figure S8b). The potential barrier
is weakened by the enlarged transition zone (Figure S8c). Meanwhile, the charge separation
is also degraded in the long transition zone (Figure S8d). These factors contributed to the
boost in the ion concentration in the outlet (Figure S9).

Though the enhanced voltage can apparently promote the ion rejection rate, even
when the transition zone occupies a large proportion, the ion rejection generated by the
applied voltage instead of the intrinsic charge separation and potential barrier will lead
to high electric energy consumption (Figure 4c). For instance, the energy consumption to
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obtain per unit volume of pure water under 0.5 V is about 10 times higher than that at
0.1 V or 0.2 V. Furthermore, the energy consumption strongly depends on the width of
the transition zone. As the size of the transition zone increases, the energy consumption
gradually decreases and then reaches the minimum value. Consequently, there is an
optimized geometry design for obtaining the lowest energy consumption. For the low
applied voltage, the larger transition zone can be adopted to gain both the high water flux
and low energy consumption. To minimize the power consumption while balancing the
high rejection rate, the transition zone can be designed to occupy 80%, and the working
voltage can be set as 0.2 V. In this case, the lowest energy consumption of 1.78 kW h/m3

and the rejection rate of above 90% can be realized together, which is only 50% of the energy
consumption of the current seawater desalination industry [46,47].

The optimized transition zone for achieving the low consumption originates from
the transition-zone-dependent water flux and ion depletion effect. On the one hand, the
enlarged transition zone allows the low flow resistance, which leads to the low energy
consumption. On the other hand, the oversized transition zone undermines the ion deple-
tion and the charge separation. Thus, with the expansion of the transition zone, the ion
transport in the planar heterogeneous channels is gradually dominated by the electric field
instead of the ion depletion effect.

Importantly, the different ionic transport behaviours mainly rule the energy efficiency
of the desalination process. The enlarged transition zone degrades the ion depletion, which
leads to the obvious boost in the ion concentration. As shown in Figure 5a, when d/L
increases from 5% to 80%, the ion concentration grows from about 0.1 mM to 10 mM, with
2 orders of magnitude. When the transition zone expands further, the ion concentration
increases to about 100 mM. The high ion concentration weakens the charge separation along
the radial direction (Figure 5b), which accordingly undermines the ion selectivity. Owing
to the high ionic conductance induced by the degradation of the ion depletion, the current
across the planar heterojunction enhanced sharply (Figure 5c). These two competitive
factors, the ion-depletion-dominated and electric-field-dominated ion transport, result in
the minimum energy consumption in the optimized geometry design.

4. Conclusions

In conclusion, we investigate the role of the transition zone in the planar heteroge-
neous interface in seawater desalination with special focus on the optimization of energy
consumption. The results show that the geometric dimensions of the heterojunction re-
gion are critical for the desalination process. The excellent performance of high rejection
rate, high water flux and low energy consumption combined can be obtained under the
synergism of voltage, pressure and transition zone size. A larger transition zone reduces
rejection and increases water flux, stemming from the distinct ion transport property in
the planar heterogeneous interface. The two essential desalination processes governed by
the geometric dimensions, ion depletion and the electric-field-dominated ion migration
property, are identified for the first time. These can be utilized to increase the ion rejection
rate and reduce the energy consumption. With the appropriate optimization, the energy
consumption can be reduced by two orders of magnitude while maintaining the ion rejec-
tion rate above 90%, which is 50% of the industrial level. These findings provide beneficial
insights for the application and optimized design of low-energy-consumption and portable
water desalination devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15103561/s1, Figure S1: Schematic of the calculation model,
Figure S2: Grid sensitivity analysis, Figure S3: The mechanism of desalination, Figure S4: The outlet
size limits the increment of water flow caused by the expansion in interlayer distance, Figure S5: The
ion concentration in the larger interlayer is higher, Figure S6: The inlet and outlet fluxes obey the
law of conservation of mass, Figure S7: Calculation model of water flux, Figure S8: The length of
the transition zone affects ion separation and EDL, Figure S9: Three-dimensional ion concentration
distribution.
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Nomenclature

2DMs two-dimensional membranes
EDL electric double layer
NS Navier–Stokes
PNP Poisson–Nernst–Planck
ci local ion concentration
c+ concentration of cations
c- concentration of anions
Di diffusion coefficient
e dielectric constant of the electrolyte solution
F Faraday constant
i ionic species
ji local ionic flux
kB Boltzmann constant
→
n the unit vector in normal direction
p pressure
T temperature
→
u fluid velocity
zi valence
z+ charge number of cations
z- charge number of anions
ε electron charge
ε0 permittivity of vacuum
εr relative dielectric constant of the electrolyte solution
µ viscosity of solution
ρ density of solution
Φ local electrical potential
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