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Abstract 

 This thesis reports a study of recently proposed novel hybrid energy conversion 

technique using a combined principle of electrokinetic (EK) and forward osmosis (FO). 

The proposed FO-EK energy conversion technique has been demonstrated by using a 

stack system comprising two submodules, a FO submodule and an EK submodule. Under 

a salinity gradient, a suction force is created to induce a hydrodynamic flow in the FO 

submodule based on the principle of FO. Accordingly, electric energy, in forms of EK 

streaming potential and/or streaming current, is generated across a porous glass housed in 

the EK submodule. This proposed power generation technique converts the salinity 

gradient energy into the electric energy without need of external pressure input. 

 Firstly, two kinds of mathematical models, namely a uniform-capillary model and a 

heterogeneous-capillary model, are presented to characterize and assess the performance 

of the proposed FO-EK energy conversion technique. Meanwhile, thorough experiments 

are carried out to investigate the processes and performance of the FO-EK energy 

conversion technique and to validate the theoretical models. Results show that, compared 

to the uniform-capillary model, the heterogeneous-capillary model yields better 

agreement with the experimental data. In addition, the generated power density decays 

with increasing the pore size of the porous glass and monotonically increases with 

increasing the salinity difference between the draw solution (DS) and the feed solution 

(FS). It is also demonstrated that a maximum power density of 0.165 W m
-3

 can be 

achieved by using the porous glass with an average pore size 6 μm at 4 M salinity 

difference. 
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 However, concentration polarization (CP) happened in both FO and EK submodules 

greatly reduces the energy conversion performance of the hybrid FO-EK system. 

Consequently, another two studies on the CP are successively conducted specifically on 

the FO process and the EK process. On the one hand, a series of experimental study 

based on a micro-FO-device is carried out to visualize and quantify the external 

concentration polarization (ECP) phenomenon in FO process. Meanwhile, a steady-state 

2D numerical model is also developed to interpret experimental results. Research mainly 

focuses on effects of tangential flow rate on the FO flow rate, the FO efficiency, the 

thickness of ECP layer and the osmotic pressure distribution within the ECP layer. On the 

other hand, a numerical analysis is conducted to study the effects of ion concentration 

polarization (IonCP) on the energy conversion performance of the pressure-driven EK 

flow through a capillary system. The numerical study not only analyses the inner 

characteristics of the capillary system, including distributions of the induced potentials, 

the ion species and the electric conductivities, but also examines the terminal 

characteristics, including the overall electric resistances, the streaming potentials (i.e., 

open-circuit potentials), the maximum streaming currents as well as the current-potential 

curves. Furthermore, the relationships between the inner and the terminal characteristics 

of the capillary system are also fully investigated through analyzing the IonCPs happened 

during pressure-driven EK energy conversion process in the capillary system. 

 Finally, based on the two separated studies on the CPs in FO and EK processes 

mentioned above, another two experimental studies are carried out to enhance the energy 

conversion efficiency of the hybrid FO-EK system, in particular, the experiment of 

continuous flow mode and the experiment of surface treatment to the porous glass with 



 

 III 

an average pore size 6 μm. Results show that, for the continuous flow mode, the optimum 

operation tangential flow rate happens at the region from 30 ml min
-1

 to 50 ml min
-1

 and 

the maximum increment, compared to that of the initially applied stack mode, reaches up 

to as much as 9.6 times higher for the DS concentration of 0.5 M and tangential flow rate 

of 40 ml min
-1

. For the surface treatment, both the ultrasonic treatment and the SDS 

surfactant treatment to the porous glass can significantly improve the energy conversion 

performance of the pressure-driven EK flow. Compared to the porous glass without any 

surface treatment, the porous glass treated by ultrasonic and SDS 12 mM yields the best 

energy conversion performance with the maximum power density of 3.08 W m
-3

 and the 

corresponding increment of 27.3%. 
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Chapter 1: Introduction 

Equation Chapter 1 Section 1 

1.1 Background and motivation 

 The need for alternative environmental friendly ‘green energy’ sources, such as wind, 

solar, geothermal, biomass, ocean thermal, wave and tidal, has long been a hot issue and 

becomes even urgent nowadays due to more and more serious global energy and 

environmental problems. Salinity gradient energy harvesting at the river mouth is 

completely renewable and sustainable [1, 2]. Increasing attentions and efforts have been 

paid on the power generation from such salinity gradient energy recently [3-6]. 

 During the past decade, two emerging membrane-based energy conversion 

techniques, pressure retarded osmosis (PRO) and reverse electro-dialysis (RED), have 

been developed to harvest the renewable energy from the salinity gradient. In PRO, a 

dilute solution is separated from a concentrated solution by a semipermeable membrane 

such that an osmotic pressure gradient is created. Driven by such osmotic pressure 

gradient, water migrates from the dilute solution region to the concentrated solution 

region through the membrane, leading to an increase of the hydrostatic pressure of the 

concentrated region. Power is then generated via a water turbine which is driven by the 

pressure-driven flow of concentrated solution [7, 8]. However, the PRO technology 

possesses numerous problems, such as the need of ruggedized membranes to withstand 

high hydraulic pressure generated in the system [3], more severe membrane fouling 

issues, and sophisticated peripheral equipment due to the high pressure environment. In 

RED, specific membranes, i.e., the cation-exchange membranes and the anion-exchange 
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membranes, are alternately utilized to selectively separate cations and anions from the 

bulk solutions. The driving force is the concentration difference between the two 

solutions on both sides of the membranes where an electrochemical potential gradient is 

generated. This membrane ‘stack’ terminates with electrodes at each end to convert the 

ionic flux into an electric current through the oxidation-reduction reactions. However, the 

power generation efficiency of RED is greatly affected by the shadow effect with up to 

40% decrease [9]. Also, an external source of energy is required to pump salt solutions 

through the RED device. Nonetheless, the aforementioned issues pose limitations of the 

PRO and RED techniques. 

 In addition, several other novel techniques were also developed to harvest salinity 

gradient energy. Brogioli proposed a technique based on capacitance characteristics of 

the electric double layer (EDL) of porous carbon electrodes in solutions with different 

concentrations, and the technique is usually abbreviated as CDLE [10]. Sales et al. made 

improvement on CDLE to increase the energy conversion efficiency. In their study, 

anion/cation-exchange membranes are introduced to the CDLE system, which may be 

treated as a combination of RED and CDLE [4]. Also, a mixing entropy battery was 

proposed by La Mantia et al. to extract energy from the concentration difference of two 

solutions and store as chemical energy inside the bulk crystal structure of electrodes. This 

kind of battery stores charges through the chemical bonds of the electrode rather than the 

capacitance of the EDL of the electrode in CDLE [11]. A desalination battery was 

reported, which may be considered as a reversed operating process of the mixing entropy 

battery [12]. 
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 Different from those energy conversion techniques, Yang’s group recently developed 

a novel hybrid energy conversion system to extract energy from the salinity gradient, 

termed as the forward osmosis (FO) - electrokinetic (EK) energy conversion system [13, 

14]. Two submodules are included in this system, namely a FO submodule and an EK 

submodule. For the overall system, a suction force generated in the FO submodule due to 

the mechanism of FO draws water to flow through a porous glass disk which is housed in 

the EK submodule. When such osmotic pressure-driven flow passes across the porous 

glass, streaming potential and streaming current are generated and they can be harvested 

as the power source to an external electric circuit. This hybrid energy conversion 

technique could be more advantageous over the other electric energy conversion 

techniques, such as the PRO and the EK mentioned above. This is due to the following 

facts that: on the one hand, compared to the PRO systems, the proposed system operates 

in low pressure environment, especially in the FO submodule, thus has much lower 

requirement on FO membrane and also much less membrane scaling and fouling 

problems. Therefore, it is more cost effective. On the other hand, unlike the other 

pressure-driven EK systems where external pump is needed to provide the pressure-

driven flow, the system is directly driven by the salinity gradient energy to generate 

electricity without need of any extra energy input like pumping power. 

1.2 Objective and scopes 

 With proposing such a novel hybrid energy conversion technique, the main objective 

of this work is to characterize and improve the novel FO-EK energy conversion system 
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through carrying out theoretical, numerical and experimental studies. To accomplish this 

objective, the main scopes are specified as follows: 

1. To develop a theoretical model and conduct corresponding experimental 

investigations on the energy conversion performance of the stack FO-EK system; 

2. To separately study the effects of concentration polarization (CP) phenomena 

specifically happened in FO process and EK process, which always reduce the overall 

energy conversion efficiency of the FO-EK system, on the corresponding submodule 

performance; and 

3. To improve the FO-EK system, based on results and conclusions from studying the 

CP phenomena mentioned above, to enhance the energy conversion performance. 

1.3 Outline of the thesis 

 This work mainly consists of seven chapters, covering both fundamental 

investigations and further improvement to the novel hybrid FO-EK energy conversion 

technique driven by salinity gradient. Brief introduction to each chapter is given as 

follows: 

 Chapter 1 introduces emerging energy conversion techniques driven by salinity 

gradients and provides the motivation of this study, followed by the objective and scopes 

of this research work.  

 Chapter 2 presents a thorough literature review on basic principles and development 

as well as drawbacks of the EK and the FO technologies. Meanwhile, a brief summary 

and comments on the literature review are provided. 
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 Chapter 3 reports comprehensive theoretical and experimental studies to assess and 

characterize the performance of the stack FO-EK energy conversion system. Particularly, 

two kinds of mathematical models, namely a uniform-capillary model and a 

heterogeneous-capillary model, are proposed to give mathematical description on the 

energy conversion process of the proposed FO-EK system. Meanwhile, thorough 

experiments are also carried out to investigate the process and performance of the FO-EK 

energy conversion system and to validate the theoretical study. All studies in this chapter 

mainly focus on the effects of the salinity gradients on the FO-EK system performance, 

including the FO flux, the flow rate, the pressure drop, the generated streaming potential, 

the generated maximum streaming current and the output power density. 

 Chapter 4 presents an experimental study based on a micro-FO-device to visualize 

and quantify the external concentration polarization (ECP) phenomenon in FO process. 

Meanwhile, a steady-state 2D numerical simulation based on finite element method 

(FEM) is also conducted to interpret experimental results. Research works mainly focus 

on the effects of tangential flow rate on the FO flow rate, the FO efficiency, the thickness 

of ECP layer and the osmotic pressure distribution within the ECP layer. 

 Chapter 5 presents a dimensionless numerical study to characterize the effect of ion 

concentration polarization (IonCP) on the performance of the energy conversion process 

of the pressure-driven EK flow in a capillary system. The study in this section not only 

analyses the inner characteristics (including distributions of the induced potentials, the 

ion species and the electric conductivities) and the terminal characteristics (including the 

overall electric resistances, the streaming potentials (i.e., open-circuit potentials), the 

maximum streaming currents as well as the current-potential curves) of the capillary 
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system, but also fully explores the relationships between the inner and the terminal 

characteristics through analyzing the IonCPs happened during pressure-driven EK energy 

conversion process in the capillary system. 

 Chapter 6, based on the two separated studies on the CPs in FO and EK processes 

respectively conducted in Chapter 4 and Chapter 5, demonstrates another two 

experimental studies for enhancing the energy conversion efficiency of the proposed 

hybrid FO-EK system, namely the experiment of continuous flow mode and the 

experiment of surface treatment to the porous glass. 

 Chapter 7 provides a summary of contributions of this research work and also 

suggests possible and promising works for future studies.  
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Chapter 2: Literature review 

Equation Chapter 2 Section 1 

2.1 Electrokinetic (EK) phenomena 

2.1.1 Basic principle of EK phenomena in micro/nano-

channels 

 It is well known that majority of substances can be charged immediately once being 

immersed in an aqueous medium through electrochemical mechanisms of adsorption of 

the charged species and/or dissociation of the ionizable groups [15, 16]. For example, a 

glass capillary usually gets negatively charged when in contact with electrolyte solution 

under suitable solution pH due to the dissociation of silanol groups, SiOH ↔ SiO
−
 + H

+
 

[17]. The negatively charged surface attracts positive ions and repels negative ions, 

leading to the formation of an electric double layer (EDL). A widely accepted description 

of the EDL is the Stern model, in which the electric layer in aqueous solution is 

characterized into two distinct parts: an immobile inner layer (Stern layer) dominated by 

the electrostatic force and a mobile outer layer (diffusion layer) dominated by the thermal 

Brownian motion [18]. As shown in Figure 2.1, the centers of any ions attached to the 

charged surface, i.e., ions in the Stern layer, comprise the Stern plane. Ions whose centers 

are located beyond the Stern plane form the diffuse mobile part of the EDL. The plane, 

consisting of the centers of the ions of about one or two radii away from the surface, is 

defined as the shear plane, where the no-slip fluid flow boundary condition is assumed to 
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apply. The potential at the shear plane is referred to as zeta potential, ζ, which is slightly 

different in magnitude from the Stern potential ψd [19]. 

 

 

Figure 2.1 Schematic of electric double layer (EDL) of a negatively charged surface 

according to the Stern model. It shows the electric potential profile, Debye length λ and the 

overall extent of EDL [19]. 

 

 The thickness of the EDL, characterized by the Debye length λ, is estimated by 

considering a balance of electric potential energy and thermal energy [20] which is given 

as: 
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 Typically, the Debye length represents a characteristic distance from the Stern plane 

to a plane where the electric potential decays to approximately 33% of the surface 

potential [19]. A log-log plot of EDL thickness for (1:1) symmetric electrolyte solution, 

such as NaCl or KCl solution with 1kz  , based on the Eq. (2.1), is shown in Figure 2.2. 

 

 

Figure 2.2 Log-log plot of electric double layer (EDL) thickness for (1:1) symmetric 

electrolyte solution with certain concentrations [20]. 

 

 The term electrokinetics is associated with the relative motion between two phases, 

solid and liquid, with a charged interface. Generally speaking, electrokinetic (EK) 

phenomena are the consequences of the interaction between the EDL and certain applied 

fields, such as electric field, pressure field, gravitational field or centrifugal field. EK 

techniques provide some of the most popular small-scale nonmechanical strategies for 
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manipulating particles and fluids. The most commonly encountered four types of EK 

phenomena are electroosmosis, streaming potential, electrophoresis and sedimentation 

potential. 

 Electroosmosis, as shown in Figure 2.3, is referred to as the induced motion of liquid 

driven by applied electric field across a stationary charged capillary tube, porous medium 

or membrane. For example, when a negatively charged micro/nano-channel is subjected 

to an applied electric field, the excess cations in EDL, gaining movement due to the 

Coulomb force, drag the liquid molecules towards the cathode terminal. Electroosmosis 

can be utilized as a pumping mechanism to drive liquid across porous media, capillaries 

and micro/nano-channels [21-24]. 

 

 

Figure 2.3 Electroosmosis in a surface charged capillary [19]. 

 

 Streaming potential, Figure 2.4, is considered as an opposite phenomenon of 

electroosmosis. When an aqueous solution is driven by a pressure gradient to pass 

through a micro/nano-channel, counterions in the EDL due to the channel surface charges 

also flow to the downstream end, giving rise to convection current or streaming current. 

However, as there is no external electric circuit between the inlet and outlet of the 
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micro/nano-channel, the accumulation of the excess counterions at the outlet generates a 

potential difference between the two ends of the micro/nano-channel which 

simultaneously induces a backward conduction current through the bulk of the liquid. 

The induced potential difference is the so-called streaming potential. At steady state, the 

net current is zero whereby the streaming current and conduction current sum up to zero. 

When the micro/nano-channel is connected with an external circuit, the generated 

streaming potential and streaming current can be harvested as the power source. 

Obviously, such EK process directly converts the hydrodynamic energy into the electric 

energy. Practically, the phenomenon of streaming potential/current can also be employed 

to determine the zeta potential ζ of a charged solid surface [25]. 

 

 

Figure 2.4 A pressure-driven flow through a surface charged capillary [19]. 

 

 Electrophoresis, as shown in Figure 2.5, is the motion of the charged surface, such as 

ions, molecules and particles, relative to a stationary liquid [26]. When a charged particle 

is placed in a stationary aqueous solution, the counterions relative to the surface charges 

of the particle are attracted and the coions are rejected, generating an EDL around the 

charged particle. Overall, the region consisting of the charged particle and the 
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surrounding ionic cloud appears to be neutral. If the charged particle is subjected to an 

electric field, it will move due to the Coulomb force along the electric field. However, the 

surrounding mobile counterions and coions in the EDL slightly move in the opposite 

direction but still around the charged particle. At the steady state, the forward Coulomb 

force on the charged particle and the backward viscous force due to the stationary 

aqueous solution are finally balanced. Such EK phenomenon can also be used as an 

approach to measure the surface potential of a charged particle [19]. 

 

 

Figure 2.5 Electrophoresis of a surface charged particle under an externally applied electric 

field [19]. 

 

 Sedimentation potential, as shown in Figure 2.6, is referred to as the motion of 

charged particles relative to the stationary liquid driven by the gravitational or centrifugal 

field. The motion of a dispersed charged particle disrupts the equilibrium symmetry 

structure of EDL. The relatively backward viscous flow around the particle drags 

counterions and coions in the diffuse layer of the EDL away from the particle, which 

results in slight displacement in a relative position between the charged particle and the 

surrounding EDL. Then the region occupied by the charged particle and the counterions 
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in EDL becomes polarized with one end dominated by the surface charges of the particle 

and the other end dominated by the couterions. Consequently, an electric field, usually 

defined as the sedimentation potential gradient, is finally generated from this process. 

 

 

Figure 2.6 Sedimentation potential induced by the motion of charged particles [19]. 

 

 It is evident that, among the four types of EK phenomena, streaming potential and 

sedimentation potential are the processes of converting the kinetic energy into electric 

energy, and electroosmosis and electrophoresis are completely opposite processes. 

2.1.2 Development of the streaming potential/current 

 Recently, power generation based on pressure-driven EK flow has attracted 

increasing attentions [27-29], especially with the introduction of liquid slip in 

micro/nano-channels [30]. For the performance of such EK batteries, high energy 

conversion efficiency and high output power are two critical factors. To achieve better 
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design and process control, great efforts have been put on developing more accurate 

theoretical models for the flow-induced streaming potential. 

 The mathematical models of the streaming potential and the streaming current 

include two main governing equations, namely the Poisson-Boltzmann (P-B) equation for 

describing electrical potential profile in the EDL and the Navier-Stokes (N-S) equation 

for describing the fluid flow field [31]. Meanwhile, the Nernst-Planck (N-P) equation is 

employed to describe the ion transport in micro/nano-channels. Chang and Yang [32] 

provided a good review on the microfluidic-based batteries with their conversion 

efficiencies ranging from 0.01% to 15%. According to the analyses of previous works, it 

is concluded that the energy conversion efficiency increases with decreasing mobility of 

the monovalent counterions in the aqueous solution because ionic conductance can cause 

power dissipation [32, 33]. In this work, the methods and results of the 

electrochemomechanical energy conversion reported in recent studies are summarized in 

Table 2.1. This table also includes boundary conditions and some crucial property 

parameters. It should be pointed out that the electric boundary condition to the P-B 

equation is either constant zeta potential or constant surface charge density. However, 

Wang and Kang proved that neither of these two boundary conditions was accurate in 

modeling the streaming potential process, and they suggested that the electric boundary 

condition should be determined by a local chemical equilibrium on the solid-liquid 

interface [31]. 
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Table 2.1 Review on the methods and results of the electrochemomechanical energy conversion in precious works. 

Researcher 

Channel Parameters Solution Propoties 

Applied Pressure Ppower Peffieciency 

Hydrodynamic 

Boundary 

Condition 
Size –ζ –σs δs Electrolyte C ρf D T εr  η δ 

Yang and Li, 1998 [34] l=1cm; w=30μm; h=20μm (3D) 25, 50, 75 / / KCl  10
-4

 / / 298 80 0.9×10
-3
 / 

00 2000
f

p p
p

U


  

 

/ / No-slip 

Yang et al., 2003 [28] 
d=16mm; t=3mm; (glass porous disk) 

 ppor=0.3(average pore radius 13μm)  
50~200 / 10

-8
 or 10

-9
 Pure water / 10

3
 0.9×10

-6
 / 80 / 5×10

-5
 -dp/dx=9.8×10

5
 Pa m

-1
 ~μW cm

-3
 / No-slip 

Kwok and Yang, 2003 [35] h=40μm; 100 / / KCl Infinite dilute / 2×10
-9

 / / / / -dp/dx=10
6
 Pa m

-1
 / / Slip with b=1μm 

Daiguji, 2004 [36] l=5μm; h=30nm; 1×1μm
2
 (reservoirs) / 0 ~ 5 / KCl 10

-2
 ~ 10 10

3
 

D
+
=1.96×10

-9
 

D
-
=2.03×10

-9
 

300 80 10
-3

 / -dp/dx=10
11

 Pa m
-1

 
9.28μW m

-

1
 

8.25 No-slip 

Olthuis et al., 2005 [37] 

Sintered porous glass plug; 

ppor=5 (nominal dpore of 1.0-1.6μm); 
d=60mm; t=3.5mm 

/ / / 
KCl 

(pH:10) 
1 or 10

2
 / / / / / / 

0.03 atm (outlet) 

(by water jet pump) 
20nW / Exp. 

Chun et al., 2005 [38] d=5μm; l=10
-2

m Ψs=1 or 3 / 
5×10

-9
~1×10

-

7
 

(1:1) solute 10
-3

 ~ 10 / 
mobility 

(Di/R/T) 
298 80 10

-3
 / Δp=10bar >1μW cm

-3
 / No-slip 

van der Heyden et al., 2005 

[39] 

l=4.5mm; w=50μm; h=70~1147nm 

1.5×1.5mm
2
 (reservoirs) 

60 4 / 
KCl 

(pH:8) 

5.6×10
-

3
~1×10

3
 

/ / / / / / Δp=4bar / 6 
Exp. 

No-slip 

Daiguji et al., 2006 [29] 
l=5μm; h=5~100nm; 1×1μm

2
 

(reservoirs) 
/ 1~40 / KCl 10

-2
 ~ 10 10

3
 

D
+
=1.96×10

-9
 

D
-
=2.03×10

-9
 

300 80 10
-3

 / 
pL=0MPa 
pR=0.5MPa 

/ 5.8 No-slip 

Mirbozorgi et al., 2007 [40] h=2μm; l=20μm (2D) 25~300 / / KCl 10
-2

 10
3
 D

+
=D

-
=2×10

-9
 298 78.5 10

-3
 / 2×10

4
Pa / / No-slip 

van der Heyden et al., 2007 

[41] 

l=4.5mm; w=50μm; h=70~1147nm 

1.5×1.5mm
2
 (reservoirs)  

100 8.2 / 

KCl 

LiCl 
(pH:7) 

10
-2

~10
2
 / / / / / / Δp=4bar 

240pW  

for 490nm 

3.2 for 

h=75nm 
No-slip 

Ren and Stein, 2008 [42] h=50, 200nm; w/l=1 / 10 / KCl 10
-3

 / 
μ

*
+=7.32×10

-8 

μ
*

-=-7.6×10
-8

 
296.15 79 0.93×10

-3
 / / / 

7 for b=0 

17 for b=25 

37 fro b=50 

Slip with b=0, 10, 50 

Soong et al., 2009 [43] l=304μm; h=6.08μm =<200 / / (1:1) solute 10
-3

 997 / 298 78.41 
8.9226×10

-

4
 

/ 
-dp/dx=4.265×10

4
 Pa m

-

1
 

/ / Slip 

Chang and Yang, 2009 [32] 
l=5μm; h=15/30nm; 2μm×2μm 

(reservoirs) 
/ 

1, 3, 

5, 10 
/ 

KCl  

 (pH:7) 
1, 10

-1
, 10

-2
 10

3
 / 298 80 10

-3
 / -dp/dx=10

8
 Pa m

-1
 / 4.78 No-slip 

Wu and Wang, 2010 [44] h=3μm 

100 for 
glass 

50 for 

PDMS 

/ / (1:1) solute 0.0121 10
3
 / 298 78.5 0.9×10

-3
 

1.4687×10
-

4
 

-dp/dx=0.88×10
7
 Pa m

-1
 / / 

0 for glass 

90 for PDMS 

Renksizbulut et al., 2010 [45] l=38.48μm; h=3.85μm; 75   (1:1) solute 10
-2

 10
3
 2×10

-9
 298 78.5 10

-3
 / Δp=5.40 kPa / / Slip  

 

Nomenclature in this Table: 

 

b Slip length [nm]; 

C Concentration [mM]; 

d Diameter; 

D Diffusivity [m2 s-1]; 

dpore Diameter of the pore; 

h Height; 

l Length; 

Pg Generated power or power density; 

ppor  Porosity; 

t Thickness; 

T Temperature [k]; 

w Width; 

δ Conductivity [S m-1]; 

δs Surface conductivity [S]; 

εr Dielectric constant; 

ζ Zeta potential [mV]; 

η Energy Convert Efficient [%]; 

μ Dynamic viscosity [Pa s]; 

μ* Mobility of ion, (zieDi)/(kBT) [m2 V-1 s-1]; 

ρf  Fluid density [kg m-3]; 

σs Surface charge density [mC m-2]; 
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 It was recently proposed that the slip boundary condition on hydrophobic surfaces 

could significantly enhance the electroosmosis performance in nanochannels [46], and 

this hypothesis was experimentally verified [47, 48]. It is known that there are mainly 

two kinds of friction in microfluidics which are resulted from interactions between the 

solvent and the wall and between the solute and the wall. Consequently, a low density 

boundary layer of water molecules occurring in the vicinity of hydrophobic surfaces [49] 

decreases the interaction between the water molecules and the wall. Hence water can 

flow over the hydrophobic wall more smoothly, giving rise to a non-zero boundary 

velocity. 

 Compared with the wetting case with non-slip boundary conditions, significant slip 

of the liquid in the vicinity of non-wetting solid surfaces is investigated both theoretically 

and experimentally [46, 50-52]. It was found that the charges within the Stern layer, 

usually immobile in the case of hydrophilic wetting surface, can flow over hydrophobic 

surfaces due to slip. As a result, the charge movement contributes to the streaming 

current by an even larger amount in addition to the increment of the mean velocity within 

the channel due to the slip velocity at the interface. At the condition of constant surface 

charge density, the relatively high hydrophobicity of the solid surface can enhance the 

EK phenomena by a slip-induced amplification factor of (1+κeffb), where 1

eff   is the 

effective Debye length and b is slip length [47, 53]. Although such kind of boundary 

condition may be not as precise as the previous modeling with constant surface charge 

[33, 41], it shows a more qualitative understanding of the effects of liquid slip on the 

pressure-driven EK flow in microfluidics. 
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 Highly hydrophobic solid surface gives rise to high liquid velocity and thus low 

pressure consumption. In addition, high surface charge density, obviously, induces a high 

zeta potential. Ideally improvements in both of these two aspects can greatly enhance the 

EK flow in micro/nano-channels. However, it is known that the less polarizable the solid 

surface molecules are, the more hydrophobic the solid surface is. This means that the 

solid surface hydrophobicity can be increased by diminishment of surface charge density 

[54], which simultaneously reduces the zeta potential. In order to improve the energy 

conversion performance of the pressure-driven EK flow, on the one hand, we try to 

enhance the slip condition of the micro/nano-channels; on the other hand, we should also 

try to create higher surface charge density. Some approaches have been reported to 

address this dilemma by adding polymers, employing surface modification or voltage 

biasing. In fact, there is always tradeoff when balancing strong slip and high surface 

charge density. Therefore, how to practically balance these two aspects to achieve better 

hydrodynamic and EK performance of the microfluidic system is the most challenging 

issue for current and future researches in this field. 

2.1.3 Ion concentration polarization (IonCP) 

 Traditional theoretical analysis based on Onsager reciprocal relationship proposes a 

relationship between the induced streaming potential gradient and the applied pressure 

gradient, i.e., 0

0

x r

x I

E

P

  


 



 
 
 

, where ε is the dielectric permittivity of solvent, ζ is the 

zeta potential of charged channel surface, η is the dynamic viscosity of the electrolyte 

solution, σ
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 is the electrolyte solution conductivity expressed as 
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and ϖ is a coefficient expressed as 
 tanh

1
h

h





 
 

 
 for slit charged micro/nano-channel 

with height of 2h and 
   1 0

1
I a I a

a

 



 
 

 
 for circular charged micro/nano-channel with 

radius of a [19]. This expression obviously indicates that, for a given charged 

micro/nano-channel and a given electrolyte solution with certain concentration, the 

induced streaming potential gradient linearly increases with increasing the applied 

pressure gradient. However, according to traditional theoretical studies, the EK energy 

conversion process is assumed only happening in the charged channel region, which, 

obviously, oversimplifies the real pressure-driven EK process. On the one hand, the 

output potential is induced by the accumulation of counterions at the down streaming end 

of the charged channel. This accumulation of counterions is actually a kind of ion 

concentration polarization (IonCP) phenomenon which is evidently not included in 

traditional theoretical studies of streaming potential. On the other hand, the pressure-

driven EK energy conversion system is connected with an external electric load by two 

electrodes placed in two reservoirs quite nearby channel ends. The existing big reservoirs 

will also greatly influence the flow field at the entrance area of the charged capillary, 

inducing another IonCP zoon. Those IonCP phenomena, in turn, significantly affect the 

output energy to the external electric load, especially for conditions of high surface 

charge densities, low solution concentrations and high applied pressure gradients [55, 

56]. Compared to streaming potential process, much more serious IonCP phenomena and 

thus significant non-linear properties induced by highly applied electric field are 

observed in electroosmosis process as shown in Figure 2.7 [57-66]. Therefore, most of 

existing IonCP studies in electrokinetic field focus on electroosmosis process. Only in 
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recent years, a few studies recognized that such kind of IonCP phenomena occurring in 

the pressure-driven EK flow process diminishes the generated power and the energy 

conversion efficiency [29, 36, 55, 67, 68]. 

 

 

Figure 2.7 Schematics of ion concentration polarization (IonCP) phenomena at the 

macropore-mesopore junction happened in electroosmosis process and the corresponding 

normalized ion concentration profiles. Figure a, concentration distributions of ion species at 

Donnan equilibrium in the absence of external electric field. Figure b, when an electric field 

is applied, the counterions pass through the negatively charged mesopores, inducing a salt 

depletion layer, i.e., convection-diffusion layer, nearby the inlet of the mesopore. Figure c, 

when a stronger electric field is applied, the concentration of ion species at the macropore-

mesopore junction are further depleted, generating a fluid-side space charge region and 

also the second-kind electroosmosis around the macropore-mesopore junction [69]. 
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2.2 Forward osmosis (FO) phenomenon 

2.2.1 Basic principle of forward osmosis (FO) phenomenon 

 The spontaneous transport of water molecules between two solutions with different 

concentration separated by a semipermeable membrane, being permeable to small water 

molecules but impermeable to large solute molecules, is widely used in fields of 

generating fresh water or concentrating salts. The driving force is the chemical potential 

difference of aqueous solutions, i.e., the osmotic pressure difference. Strathmann 

provided a detailed derivation for the osmotic pressure of a solution based on the theory 

of chemical potential equilibrium. According to his analysis, two main assumptions are 

made: the solution with single component solute is separated from the pure solvent by a 

strictly semipermeable membrane, and the osmotic system is in equilibrium state. For a 

solution with molar concentration c, the osmotic pressure π is given as: 

  c aRT c       (2.2) 

where χ is the osmotic coefficient, ν is the stoichiometric number, and the subscripts ‘a’ 

and ‘c’ represent anion and cation, respectively [70]. 

 The performance of osmotic process is mainly determined by properties of 

semipermeable membrane, including the permeability of solvent and the rejection of 

solute. In addition, Figure 2.8 illustrates all the other parameters related with osmosis 

process, which should be considered in calculating the overall solvent permeating flux 

across the membrane. Based on all parameters shown in this figure, four classical 

osmosis-related status and their corresponding constrains are elaborated in Table 2.2. 
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Figure 2.8 Schematic illustration of osmosis process. Two solutions with different 

concentration are separated by a semipermeable membrane. The subscripts ‘l’ and ‘s’ 

represent solvent and solute of the solutions, respectively, ‘c’ and ‘μ’ are respectively the 

concentration and the chemical potential, ‘P’ is the hydrostatic pressure and ‘π’ is the 

osmotic pressure, Jw is the permeating flux of solvent across the membrane. 

 

Table 2.2 Four classical osmosis-related status and their corresponding constrains. 

Osmosis status 
Forward 

osmosis 

Pressure retarded 

osmosis 

Osmotic 

equilibrium 
Reverse osmosis 

Parameters 

Relations 

sc  > 
sc  

l  < 
l  

   >    

P  = P  

sc  > 
sc  

l  < 
l  

   >    

P  > P  

P− P  < | −  |
 

sc  > 
sc  

l  = 
l  

   >    

P  > P  

P− P  = | −  | 

sc  > 
sc  

l  > 
l  

   >    

P  > P  

P− P  > | −  | 

Flux (Jw) direction From right to left From right to left No flux From left to right 

 

 Obviously, FO is a spontaneous transport process of water molecules driven by pure 

osmotic pressure difference across a selective semipermeable membrane from a region of 

higher water chemical potential (i.e., dilute solution, also named as feed solution, FS) to a 

region of lower water chemical potential (i.e., concentrated solution, also named as draw 

solution, DS). In other words, the FO separation process directly converts the chemical 

potential energy into the hydrodynamic energy without need of any internal mechanical 

sC sC

l l

P P

   

Semipermeable membrane

Jw
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motion. Furthermore, the significant advantages of FO technology are that it operates 

without need of any extra hydraulic pressure input and has higher rejection of wide range 

of contaminants and lower membrane fouling propensity than that in pressure retarded 

osmosis (PRO) separation processes [71]. Consequently, compared with PRO systems, 

the FO systems are considerably simple and steady and thus need relatively low 

operational maintenance costs. 

2.2.2 Development of the forward osmosis (FO) 

 Due to the advantages mentioned above, the FO technology has been widely 

employed in many applications such as wastewater treatment, water purification, 

seawater/brackish water desalination, food processing, controlling drug release and 

dehydration of pharmaceuticals during syntheses [71, 72]. Although such technology has 

received intensive attentions in the past decades, it has its own limitations such as 

ineffective semipermeable membranes, concentration polarization (CP) and less 

sustainable to various pH and performance instability in long-term applications.  

 Hitherto, some commercially available reverse osmosis (RO) membranes as well as 

other membranes based on cellulose triacetate (CTA) [7, 71, 73], cellulose acetate (CA) 

[74-76], polybenzimidazole (PBI) [77, 78] and aromatic polyamide [79-81] have been 

developed for FO processes. Chung et al. also provided comparative studies of the 

performance of recently developed FO membranes [72]. Some of the membranes show 

reasonably high fluxes. Even so, great efforts should be continuously put on solving 

problems such as salt leakage, CP and membrane instability, so that the FO technology 

could get more and more wide, effective and economical applications. 
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2.2.3 Concentration polarization (CP) 

 For FO devices, FS and DS are separately located at the two sides of the 

semipermeable membrane which only allows the permeating of small solvent molecules 

and stops the permeating of big solute molecules. Once the FO process starts, the solvent 

molecules diffuse freely from the FS side to the DS side while the solute molecules are 

retarded by the semipermeable membrane. Then the solute molecules within the aqueous 

layers adjacent to the membrane surfaces become depleted at the DS side and enriched at 

the FS side. This diluting or concentrating phenomenon of solution in the vicinity of the 

semipermeable membrane is the so-called concentration polarization (CP).  

 In current practical applications, almost all membranes industrially utilized in 

membrane processes possess the asymmetric structure which is composed of a dense 

selective layer (DSL) mechanically supported by thick layers of porous polymer and 

fabric woven, i.e., porous support layer (PSL). The small solvent molecules can freely 

migrate through the PSL and the DSL while the big solute molecules can only permeate 

through the PSL. Therefore, in addition to considering the external concentration 

polarization (ECP) occurring in the solution layers immediately adjacent to the 

membrane surfaces, the internal concentration polarization (ICP) taking place within the 

PSL of the asymmetric membranes should also be considered. Then the lower-than-

expected water flux in FO in real applications can be reasonably explained [82].  

 Due to the asymmetric characteristic of semipermeable membranes, the CP 

classifications are usually studied together with the orientation of the membranes. Figure 

2.9 shows various profiles of the solution concentration and the corresponding osmotic 

pressure occurring in the FO process under conditions of different membrane structures 
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and orientations. 

 Figure 2.9.a shows FO with only ECP phenomena occurring around the 

semipermeable membrane, i.e., concentrative ECP at the FS side and dilutive ECP at the 

DS side. Taking the NaCl solution as an example, the convective flow, being induced by 

the osmotic pressure gradient between the FS and the DS, drags the NaCl solute from the 

bulk to the surface of the dense selective membrane. Due to the semipermeability of the 

membrane, only water permeates this membrane, leaving the solute behind. This process 

leads to the enrichment of the solute at the FS side, especially at the region near by the 

membrane surface, which is known as concentrative ECP. Simultaneously, when water 

permeates through the dense selective membrane to the DS side, the DS in the vicinity of 

the membrane surface is diluted by the influent water, which is known as dilutive ECP. 

Both concentrative and dilutive ECP phenomena reduce the effective osmotic pressure 

difference and thus decrease the water flux through the membrane. Approaches, such as 

increasing the tangential flow velocity or introducing turbulence in the vicinity of the 

membrane surface, can be applied to minimize the negative effects of ECP in membrane 

separation processes [83].  
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Figure 2.9 Profiles of the solution concentration and the corresponding osmotic pressure for 

different membrane structures and orientations. (a) A symmetric dense semipermeable 

membrane with only external concentration polarization (ECP) phenomena, i.e., 

concentrative and dilutive ECPs. (b) An asymmetric membrane with the dense selective 

layer (DSL) facing against the DS (Normal mode). The profile of the solution concentration 

illustrates concentrative internal concentration polarization (ICP) and dilutive ECP. (c) An 

asymmetric membrane with the porous support layer (PSL) facing against the draw 

solution (DS) (Reverse mode). The profile of the solution concentration illustrates dilutive 

ICP and concentrative ECP. Key parameters: CH and CL respectively represent solutions of 

high concentration and low concentration, πD,b is the osmotic pressure of the DS in the bulk, 

πD,m is the osmotic pressure in the vicinity of membrane surface at the DS side, πF,b is the 

osmotic pressure of the feed solution (FS) in the bulk, πF,m is the osmotic pressure in the 

vicinity of membrane surface at the FS side, πF,i is the effective osmotic pressure of the FS in 

Normal mode, πD,i is the effective osmotic pressure of the DS in Reverse mode, and Δπeff is 

the effective osmotic pressure difference. Note that it is assumed that no ECP occurs around 

the interface between the PSL and the solution since the solute is not reflected by this layer.  
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 The orientation character of the asymmetric membranes gives rise to two different 

modes of FO, i.e., the Normal mode and the Reverse mode, as well as two additional ICP 

phenomena shown as Figure 2.9.b and c, respectively. 

 As shown in Figure 2.9.b, when the DSL of the asymmetric membrane is placed 

against the DS (i.e., Normal mode), water can freely pass through the PSL and then 

diffuse across the DSL into the DS side. Meanwhile, solutes can also enter the PSL 

induced by the convective flow but is blocked by the DSL, which gives rise to the 

enrichment of solute within the PSL of the asymmetric membrane. This phenomenon is 

the so-called concentrative ICP. Therefore, for FO in Normal mode, there are mainly two 

kinds of CPs, namely the dilutive ECP and the concentrative ICP. 

 On the other hand, when the DSL of the asymmetric membrane is placed against the 

FS (i.e., Reverse mode) as shown in Figure 2.9.c, the water permeating to the DS side 

dilutes the solution within the PSL of the asymmetric membrane. This phenomenon is the 

so-called dilutive ICP. Consequently, for FO in Reverse mode, there are mainly two 

kinds of CPs, namely the concentrative ECP and the dilutive ICP. 

 CP is the most significant but common problem occurring in the membrane-based 

processes due to the special operation principle and the module structure, which thus has 

been an intensive research topic in the past several decades [82, 84, 85]. All CP effects 

contribute negatively to the effective osmotic pressure difference, thus reducing the 

separation performance. The negative effects increase with the increased permeating flux, 

which is the so-called self-limiting phenomenon in the osmosis processes [86]. 
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2.3 Summary 

 This chapter provides a literature review on the two related phenomena, namely EK 

and FO, employed in the novel energy conversion system in this study, covering the basic 

principles, the development in the past, and the main limitations or drawbacks. A brief 

summary specifically to each technique is given as below: 

1. For the EK phenomena, it is a generic term representing consequences of the 

interaction between the EDL and some certain applied fields, such as electric field, 

pressure field, gravitational field or centrifugal field. Due to its specific characteristic 

scale and operation principle, the EK techniques are usually employed to manipulate 

particles and fluids in micro/nano-scale. The performance of the EK techniques is 

thus mainly determined by the properties of the charged solid surface and the fluid 

properties. Particularly to the pressure-driven EK flow, approaches such as inducing 

slip boundary conditions at the solid-fluid interface and/or increasing the surface 

charge density are always utilized to improve the energy conversion performance. 

However, the energy conversion efficiency of the pressure-driven EK flow is still 

very low due to its own thermodynamic limitation of requiring high relatively high 

hydrodynamic energy input. In addition, although sufficient researches have already 

been carried out from different aspects to study the energy conversion performance of 

the pressure-driven EK flow, only a few of them recognize that the IonCP phenomena 

occurring in the process of the pressure-driven EK flow diminish the generated 

electric power and the energy conversion efficiency. 

2. For the FO process, it is a spontaneous transport process of water molecules driven by 

pure osmotic pressure difference across a semipermeable membrane from a region of 
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dilute solution to a region of concentrated solution. Obviously, the distinct advantage 

of the FO separation process is that it directly converts the salinity gradient into the 

hydrodynamic energy without need of any internal mechanical motion and/or extra 

hydraulic pressure input. Consequently, the FO systems are considerably simple and 

steady and thus need relatively low operating and maintenance costs. In practice, the 

FO technology has already been widely engaged in many applications such as 

wastewater treatment, water purification, seawater/brackish water desalination, food 

processing, controlling drug release, and so on. Although great attentions have been 

paid to such a promising separation technology, the FO technology still has its own 

limitations such as ineffective semipermeable membranes, CP negative effects, and 

less sustainable to various pH and performance instability in long-term applications. 

 This work takes advantages of the EK and the FO techniques, namely the energy 

conversion property of the pressure-driven EK flow and the hydrodynamic behavior of 

the FO process, to develop a novel hybrid FO-EK energy conversion system which 

converts the salinity gradient into electric energy without need of any extra energy input 

like pumping power. In addition to studies on the energy conversion performance of the 

FO-EK system, intensive studies are also conducted in this work to investigate the 

negative but ubiquitous effects of CP phenomena on the FO and the EK processes. 

Finally, strategies for improving the FO-EK energy conversion system and enhancing the 

energy conversion performance of the FO-EK system are consequently proposed and 

implemented based on the CP study results in this work. 
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Nomenclature 

a  Channel radius [m] 

b  Slip length [nm] 

c  Concentration of electrolyte solution [M] 

C  Concentration electrolyte solution [mol m
-3

] or [mM] 

Ck  Concentration of the ion species k [mol m
-3

] or [mM] 

Dk  Diffusivity of ion species k [m
2
 s

-1
] 

e  Elementary charge [C] 

Ex  Streaming potential gradient [V m
-1

] 

F   Faraday constant [C V
-1

] 

h  Half of the channel height [m] 

I0  Zero-order modified Bessel function [-] 

I1  First-order modified Bessel function [-] 

Jw  Solvent flux across the membrane [m
3
 s

-1
 m

-2
] 

kB  Boltzmann constant [J K
-1

] 

P  Hydrostatic pressure [Pa] 

Px  Pressure gradient [Pa m
-1

] 

R  Universal gas constant [J K
-1

 mol
-1

] 

T  Temperature [K] 

zk  Valence of the ion species k [-] 

nk  Ionic number concentration of the ion species k [m
-3

] 
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Greek symbols 

ε0  Permittivity of vacuum (free space), 8.854 × 10
-12

 [C m
-1

 V
-1

] 

εr  Relative dielectric constant [-] 

ζ  Zeta potential [V] 

η  Dynamic viscosity [kg m
-1

 s
-1

] or [Pa s] 

κ  Inverse of the EDL thickness [m
-1

] 

λ  EDL thickness [m] 

μ  Chemical potential [J mol
-1

] 

π  Osmotic pressure [Pa] 

σ
∞
  Conductivity of electrolyte solution in the bulk [S m

-1
] or [A V

-1
 m

-1
] 

ν  Stoichiometric number [-] 

χ  Osmotic coefficient [-] 

ψd  Stern potential [V] 

ψs  Surface potential [V] 

 

Subscripts 

a  Anion 

b  Bulk solution 

c  Cation 

D  Draw solution 

eff  Effective parameter 

F  Feed solution 

H  Solution of high concentration 
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i  Interface between the dense selective layer and the porous support layer 

k  Ion species 

l  Solvent 

L  Solution of low concentration 

m  Membrane 

s  Solute 

∞  Bulk solution 
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Chapter 3: Characterization of forward osmosis 

(FO) - electrokinetic (EK) energy 

conversion system 

Equation Chapter 3 Section 1 

3.1 Introduction 

 As elaborated in chapter of Introduction, a novel hybrid forward osmosis (FO) - 

electrokinetic (EK) energy conversion technique without any requirement of external 

energy input is studied in this work. The FO-EK energy conversion system consists of a 

FO submodule and an EK submodule. To assess and characterize the performance of the 

proposed hybrid energy conversion technique, thorough theoretical and experimental 

studies are conducted in this chapter. Specifically, the research aspects include:  

1. Theoretical study of the FO submodule. In this work, appropriate modifications are 

made based on the existing FO model [71, 86, 87]; 

2. Theoretical study of the EK submodule. Two theoretical models, namely uniform-

capillary model and heterogeneous-capillary model, are developed to comparatively 

investigate the EK phenomenon through a porous medium; 

3. Experimental study of the energy conversion performance of the primarily designed 

FO-EK stack setup; 

4. Assessment and characterization of the performance of the proposed FO-EK hybrid 

energy conversion technique by comparing and analyzing experimental and 
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theoretical results, and then proposing further improvement strategies for the 

primarily designed FO-EK stack system. 

3.2 Theory 

 

Figure 3.1 Schematic of the proposed FO-EK energy conversion system with two 

submodules, namely a FO submodule and an EK submodule.  

 

 Figure 3.1 shows the schematic of the proposed FO-EK energy conversion system. 

For such system, mathematical models for FO submodule and EK submodule will be 

separately developed first, and then two expressions for pressure drop and flow rate will 

be presented to link these two separate mathematical models together. 

 

3.2.1 Theoretical model for FO submodule 

 As already discussed in chapter of Literature review, FO is a spontaneous transport 

process of water molecules driven by the osmotic pressure difference, which is mainly 

determined by the solution concentration. In this study, DI water and NaCl solution are 

Reservoir-I

Porous media

Semipermeable 

membrane

Reservoir-II

FO submodule

Dilute solution

(E.g., river water) 

Concentrated 

solution

(E.g., sea water)

Flow direction
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employed as the feed solution (FS) and the draw solution (DS), respectively. According 

to the tabulated values of the osmosis coefficient of NaCl solution with its concentrations 

ranging from 0 M to 6 M at 25˚C [88], the osmotic pressure π, in unit of Pa, can be 

expressed as a polynomial function of concentration c in M, i.e.: 

 6 6 2

1 2= 10 10a c a c     (3.1) 

where 
1a  and 

2a  are constants, given as –4.112 × 10
6
 Pa M

-1
 and –0.349 × 10

6
 Pa M

-2
, 

respectively. As seen from Figure 3.1, the DS in the FO submodule is continuously 

diluted by the solvent. Then the absolute value of the osmotic pressure of the DS 

decreases with the diluted concentration. Finally, the FO flux is reduced due to the 

diminution in the effective osmotic pressure difference between the DS and FS. 

Consequently, for the FO-EK energy conversion system with varying DS concentration, 

effective solution concentration ceff should be employed to calculate the osmotic pressure 

instead of the initial concentration c, which is given as: 

 
2

eff

c c
c


  (3.2) 

where c , an experimentally determined parameter, represents the DS concentration when 

the overall system is at pseudo-equilibrium state.  

 In this work, the FO in Normal mode as shown in Figure 2.9.b, including 

concentrative internal concentration polarization (ICP) and dilutive external 

concentration polarization (ECP), is employed in both theoretical and experimental 

studies. Based on the film theory [89], the model for FO flux in Normal mode is 

expressed as: 

 , ,exp expw w
w F b D b

J S J
J A

D k
 
    

      
    

 (3.3) 
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where Jw is the solvent permeating flux, m
3
 s

-1
 m

-2
; A is the solvent permeability 

coefficient, m Pa
-1

 s
-1

; πF,b and πD,b are osmotic pressures of the FS and the DS in the bulk, 

respectively; S is a structure factor of PSL of the semipermeable membrane, m; D is the 

salt diffusion coefficient, m
2
 s

-1
; k in unit of m s

-1
 is the mass transfer coefficient 

expressed as 0.36 0.360.46Re Sc hk D d  [90] (Here Re and Sc are the Reynolds number and 

Schmidt number, respectively; dh is the hydraulic diameter of the cross-section of the 

channel.); and the overall term in bracket is defined as the effective osmotic pressure 

difference Δπeff. For an infinitely dilute solution, the salt diffusion coefficient can be 

estimated from: 

 
   

c a

c a a c

z z
D

z D z D





 (3.4) 

 Since the hybrid energy conversion system proposed in this work operates on a batch 

process, the pressure drop generated along the flow direction, ΔP, should be considered. 

Part of the pressure drop is consumed by the EK submodule to generate electric energy 

and the other part is to overcome the resistance along the pipeline when liquid flows 

through. Then the solvent permeating flux is rewritten as: 

 , ,exp expw w
w F b D b

J S J
J A P

D k
 
    

       
    

 (3.5) 

3.2.2 Theoretical model for EK submodule 

 When a pressure-driven flow passes across the porous glass housed in the EK 

submodule, excess counterions in the EDL due to the surface charges of the porous glass 

are induced to flow downstream, which is commonly referred as convection current or 

streaming current. However, as there is no external electric circuit between the inlet and 
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outlet of the porous glass, the accumulation of the excess counterions at the outlet 

generates a potential difference between the two ends, which simultaneously induces a 

conduction current in the opposite direction through the bulk of the liquid. The induced 

electric potential difference is called streaming potential [91, 92]. When the EK 

submodule is connected with an external circuit, the generated streaming potential and 

streaming current can be harvested as the power source. 

3.2.2.1 EK power generation in a single capillary 

 Since a porous medium is equivalently treated as a bundle of parallelly packed 

micro/nano-channels, to model the pressure-driven EK flow through the porous glass, the 

pressure-driven EK flow through a micro/nano-channel as shown in Figure 3.2 should be 

considered first. The model development is based on the following assumptions: (1) the 

distance between the centerline of the channel and the shear plane of the EDL 

approximates to the micro/nano-channel radius a. As a result, the potential at the shear 

plane, i.e., the zeta potential ζ instead of the surface potential ψs, is employed to calculate 

the potential distribution; (2) the aqueous solution is assumed to be (z:z) symmetric 

electrolyte solution; (3) the channel aspect ratio L/a is large such that there is no ionic 

concentration gradient along the x-direction, i.e., ∂nk/∂x = 0 and the potential ψ due to the 

EDL is only a function of r, i.e., ψ = ψ(r); (4) the flow in the micro/nano-channel is 

regarded as steady, unidirectional and fully developed; (5) the electric energy is small 

compared to the thermal energy, i.e., |zeψ| < kBT. As seen from Figure 3.2, the electric 

potential ϕ(r, x) at a given location (r, x) is the superposition of the potential due to the 

streaming potential gradient Ex and the potential due to the EDL ψ(r), i.e., ϕ(r, x) = ψ(r) – 

xEx. 
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Figure 3.2 Schematic of a negatively charged straight circular micro/nano-channel. The 

radius and the length of the micro/nano-channel are a and L, respectively, and the zeta 

potential of the inner wall is ζ. The pressure gradient Px and the induced electric field 

strength Ex along the flowing direction are defined as Px = −dP/dx and Ex = −∂ϕ/∂x, 

respectively. The cylindrical coordinate is used in this EK system with r representing the 

radial direction and x denoting the axial direction. 

 

 The governing equations and corresponding boundary conditions for the pressure-

driven EK flow in a negatively charged straight circular micro/nano-channel are given as 

follows: 

Linearized Poisson-Boltzmann (P-B) equation: 
21
sinh

B

d d ze
r

r dr dr k T

 


  
   

   
 (3.6) 

Boundary conditions: 
0

and 0
r a

r

d

dr


 




   (3.7) 

Stokes equation: 
1 x

x f

dud
r P

r dr dr x


 

 
   

 
 (3.8) 

Continuum equation: 0xu

x





  (3.9) 

Boundary conditions: 
0

0 and =0x
x r a

r

du
u

dr


  (3.10) 
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where kB is the Boltzmann constant; T is the absolute temperature; η is the fluid viscosity; 

ρf is the free charge density, expressed as ρf = ∑ezknk with subscript ‘k’ representing 

cations or anions; ux is the velocity along x direction; κ is defined as the inverse EDL 

thickness expressed as

1 2
2 2

,

0

k k

r B

e z n

k T


 


 

   
 

 . Here, nk,∞ is the ionic number concentration 

in the neutral electrolyte; ε0 is the permittivity of vacuum; εr is relative dielectric constant 

[34, 93-95].  

 The volumetric flow rate of the electrolyte solution, Q, can be obtained by: 

 
0

2 ( )
a

xQ ru r dr   (3.11) 

 The overall electric current along the micro/nano-channel, I, is determined by: 

 
0

2
a

x f c x ccI u rdr A E F      (3.12) 

where Ac is the cross-sectional area of the micro/nano-channel, i.e., Ac = πa
2
; σ

∞
 is the 

bulk electric conductivity, expressed as 

2 22

B

e z Dn

k T
   ; and factor Fcc is expressed as 

2
1

2

02 0
0

1
1 ( )

( )
cc

B

ze
F I a R RdR

k T I a






 
   

 
  with I0 being the zeroth-order of the modified 

Bessel function. the first term on the right-hand side of Eq. (3.12) is the convection 

current which is termed as the streaming current Istr, and the second term is the 

conduction current Ic. Obviously, the maximum streaming current, Istr,max, is achieved 

when potential difference at the two ends of the channel is zero. Combing the governing 

equations and the corresponding boundary conditions, one can obtain the volumetric flow 

rate and the electric current in non-equilibrium thermodynamics forms as: 

 
11 12x xI E P    (3.13) 
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21 22x xQ E P    (3.14) 

 Here the non-equilibrium thermodynamics coefficients, αij are given by: 

 0
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  (3.17) 

where the relationship α12 = α21 is the so-called Onsager reciprocity relationship [96]; 

factors Ω and G are respectively expressed as 0 r  


   and 1

0

( )

( )

I a
G

I a




  with I1 being 

the first-order of the modified Bessel function. 

3.2.2.2 EK power generation in porous glass 

 For the theoretical study of pressure-driven EK flow in porous media, Yang et al. 

treated the porous media as an equivalent bundle of parallel capillaries with uniform 

radius, which is termed as the uniform-capillary model in this study as shown in Figure 

3.3.a [28]. However, it is well known that the channel radius plays an important role in 

the electrokinetic streaming potential phenomenon. The energy conversion efficiency 

reaches maximum when the channel radius is around two times of the EDL thickness, 

typically in nano/submicron scale [68]. For porous media used in this study, an 

estimation based on hydrodynamic porous flow shows that the single equivalent pore 

radius reflecting the log-normal distribution is about several microns. Obviously, this 

approach is inaccurate in simulating the flow through the porous media with 
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electrokinetic streaming potential effects. Therefore, the author develop a heterogeneous-

capillary model, as shown in Figure 3.3.b, by discretizing the continuous pore size 

distribution and obtaining multi-representative capillary radius which considers the 

feature of the representative radii ranging from nanoscale to microscale, making the 

predictions superior to the single pore size based uniform-capillary model. 

 

 

Figure 3.3 Schematic of the capillary models of porous glass in the EK submodule. a. 

Uniform-capillary model with uniform representative radius 
,1pr  which is the mean radius 

of the equivalent capillaries of the porous glass; b. Heterogeneous-capillary model with 

heterogeneous representative radius 
,p ir  which is the average radius for a certain range of 

the capillary size distribution. 

 

 Previous studies assumed that the size distribution of the equivalent capillaries of 

porous media follows a normal distribution [97-99]. However, the normal distribution 

(a) Uniform-capillary model (b) Heterogeneous-capillary model

,p ir

Porous glass disk

Representative

capillary

,1pr
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cannot provide a good description for the radius distribution due to its distribution range 

from the negative infinity to the positive infinity. Saksena and Zydney suggested the log-

normal pore size probability density distribution [100], which is given as: 
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 (3.18) 

with b=ln[1.0+(σp/μp)
2
]. The corresponding cumulative distribution function F(r) based 

on the density distribution function is expressed as:  

    
0

r

p pF r f r dr   (3.19) 

 It is important to realize that, in practical situations, the range of the pore size 

distribution of a porous medium should be limited by a certain value rather than going to 

the positive infinity. Therefore, a discrete size distribution is proposed to modify the log-

normal distribution, and it is illustrated in Figure 3.4. 
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Figure 3.4 Discretization for modifying the continuous log-normal distribution f(rp). rp,max 

and rp,min are the maximum and minimum radii of the equivalent capillaries, respectively. 

Δrp is the step size and n is the number of segments between the maximum and the 

minimum radiuses. rp,i is the i
th

 capillary size. 
,p ir  is the average radius for the size range 

from rp,i-1 to rp,i and Λi is the cumulative probability corresponding to the average radius 
,p ir . 

 

 The corresponding mathematical discretization process of modifying the continuous 

log-normal distribution is given as: 
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 Then the average radius for a range from ri-1 to ri , ,p ir , is calculated as: 
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 The corresponding cumulative probability to the radius 
,p ir , Λi, is given as: 
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 It is assumed that the total number of the equivalent capillaries of the porous media 

is N. Then the number of capillaries for a certain radius range can be obtained based on 

the discrete log-normal distribution as: 

  1i iN N i n    (3.24) 

 Two important structure parameters of the porous glass, porosity ϑg and tortuosity τg, 

are elaborated here. The porosity of a porous medium is defined as the ratio of the void 



 

 43 

space to the total volume of porous medium under the assumption that all the void space 

is connected [101]. However, the fluid passes through a porous medium in tortuous way 

instead of straight way. The tortuosity is defined as the square of the ratio of the tortuous 

characteristic length of the pore to the apparent length. For the porous glass used in our 

experiment, if Le and tg are the effective length of the equivalent capillary of the porous 

glass and the thickness of the porous glass, respectively, the tortuosity can be expressed 

as: 
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 The porosity of the porous glass, ϑg, is given by [28]:  
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 Then the total number of the equivalent capillaries of the porous medium can be 

determined by combining Eq. (3.24) and Eq. (3.26), which leads to: 
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 According to Eq. (3.13) and Eq. (3.14), the current and the flow rate for a single 

capillary of radius 
,p ir  is given as: 
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 At the steady state, the net current along the porous glass disk should be zero, i.e.: 

  , 11, 12,1 1 1
0

n n n

i p i i i x i i xN I N E P         (3.30) 
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 Furthermore, the overall flow rate passing across the porous glass can be expressed 

as: 

  , 21, 22,1 1 1

n n n

g i p i i i x i i xQ N Q N E P         (3.31) 

 The discrete step n is a critical parameter to distinguish the uniform-capillary model 

and the heterogeneous-capillary model. When n equals 1, the theoretical model derived 

above becomes the uniform-capillary model. Normally n is selected as an integer larger 

than 1. 

3.2.3 Relationships between FO and EK submodules 

3.2.3.1 Fluid flow rate 

 When the FO-EK energy conversion system is in operation, the flow rate of the 

dilute solution passing across the porous glass should be equal to that of the solvent 

permeating flow rate across the semipermeable membrane, i.e.: 

 
g m wQ A J  (3.32) 

where Am is the effective area of the semipermeable membrane. 

3.2.3.2 Pressure drop 

 The overall pressure drop generated along the flow direction, ΔP, is composed of 

two parts: the pressure drop in the porous glass ΔPglass, which is used to generate electric 

energy, and the pressure drop along the pipeline ΔPtube, which is due to the hydrodynamic 

friction of the pipeline. With the expressions of ΔPglass = −PxLe and τg = (Le/tg)
2
, the 

pressure drop in the porous glass can be obtained as: 
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glass g g xP t P    (3.33) 

 In addition, the pressure drop along the pipeline ΔPtube is given as: 

 
tube fP gh   (3.34) 

where hf is the head loss, given by the Darcy-Weisbach equation 

2

2

c p

f

p

f L V
h

gD
 . Lp and Dp 

are the length and the diameter of pipeline, respectively; V is the average velocity of fluid; 

fc is the coefficient of surface resistance, usually known as friction factor. For the case of 

Re < 2000, the friction factor is given as: fc = 64/Re [102].  

3.3 Experiment 

 Experiments were carried out to assess the performance of the FO-EK energy 

conversion system and validate the afore-developed theoretical model. The experimental 

system is shown in Figure 3.5. The assembly diagrams of the FO submodule and the EK 

submodule are shown in Figures Appendix A and Appendix B, respectively. For the FO 

submodule, a flat-sheet cellulose triacetate (CTA) FO membrane (Hydration Technology 

Inc., Albany, OR) is utilized. For the EK submodule, a porous glass disk (Schott Duran
®
) 

is used in experimental study due to its good chemical and physical properties. It is 

established that the electrolyte solution across the porous glass must be of relatively 

lower concentration for producing larger streaming potential [27, 31]. Furthermore, at a 

lower solution concentration, the Debye length is relatively thicker which contributes 

significantly to the streaming current and the streaming potential, and also reduces the 

magnitude of the conduction current. Thus DI water processed by a water deionization 

system (Millipore Milli-Q Ultrapure Gradient A10), instead of electrolyte solution, is 
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utilized as the fluid passing through the porous glass. In addition, the NaCl solution with 

various molarities of 0.5 M, 1 M, 2 M, 3 M and 4 M are used as the DS in the FO 

submodule. 
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Figure 3.5 The experimental system (a) and the corresponding schematic of the 

experimental system (b) with DI water and NaCl solution as the feed solution (FS) and the 

draw solution (DS), respectively. A porous glass with radius of 9 mm and thickness of 3.72 

mm and a cellulose triacetate (CTA) membrane with effective area of 0.0144 m
2
 are used as 

the EK porous medium and the FO semipermeable membrane. 

 

 During the experiment, the suction force created in the FO submodule drives DI 

water continuously flowing through the porous glass where the streaming current and the 

streaming potential are generated. Two Silver/Silver-Chloride (Ag/AgCl) electrodes of 

mesh form are used, and each is placed on each side of the porous glass. Crocodile clips 

are clipped onto the electrodes for measurement. The measured results are logged into a 

computer for subsequent processing and analysis. After passing across the porous glass, 

the DI water continuously flows to the FS chamber of the FO submodule to mix with the 

original DI water. Finally the mixed DI water makes its way across the membrane driven 

by osmotic pressure difference to the DS chamber. An orifice on the top of the DS 

chamber is designed to discharge the excess solution in the DS chamber into a collection 

container, which maintains a constant static head at the DS side. 

 The conductivity of DI water is measured as 1.163 μS cm
-1

. Characteristic 

parameters of the CTA semipermeable membrane are given as: A = 2.2 × 10
-12

 m Pa
-1

 s
-1

, 

S = 0.625 × 10
-3

 m [3], and the area of the membrane Am is 0.0144 m
2
. In addition, three 

sized porous glasses are investigated in this work, and their detailed structure and 

physical parameters are shown in Table 3.1. 

 Other relevant parameters involved are as follows: T = 298 K, ρ = 10
3
 kg m

-3
, εr = 

78.5, ε0 = 8.854 × 10
-12

 C m
-1

 V
-1

, η = 1 × 10
-3

 Pa s, kB = 1.381 × 10
-23

 J K
-1

, e = 1.602 × 

10
-19

 C and z = 1. 
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Table 3.1 Structure and physical parameters of the three sized porous glass used in 

experimental study. 

Porous 

glass No. 

rmax 

[μm] 

ϑg 

[%] 
τg ceff/c 

rg 

[mm] 

tg 

[mm] 

ζ 

[V] 
μp/rmax σp/μp 

PG1 50 31.16 3.0 0.86 

9 3.72 0.055 0.75 0.5 PG2 20 24.94 1.9 0.8 

PG3 8 21.33 1.43 0.76 

 

3.4 Results and discussion 

 Three different sets of results are presented for comparison study, with one set 

obtained from the experimental data and the other two sets from the theoretical 

predictions of the uniform-capillary model and the heterogeneous-capillary model. With 

all the given parameters elaborated in last section, the theoretical models are numerically 

solved by using a self-developed code with the software of Wolfram Mathematica. 

3.4.1 Discrete segments of the capillary model 

 Since the FO-EK energy conversion system is for power generation, the output 

power density is a key parameter in assessing the performance of the energy conversion 

system. The output power density for this system is defined as a ratio of the generated 

power to the overall volume of micro/nano-channels [103]. The experimental results, 

Figure 3.10, show that the power density generated from this system using PG3 is much 

greater than that using PG1 or PG2. Therefore, to facilitate the study of the discrete 

segments, the output power density generated by PG3 is selected for analysis. 
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 Figure 3.6 presents the effects of the discrete segments n in the capillary model on 

the output power density, which shows that with increasing the number of discrete 

segments the theoretical results better agree with the experimental results. Furthermore, 

the two curves of the output power density for the cases of n = 10 and n = 20 are 

indistinguishable, indicating that the number of the discrete segments has no effect on the 

capillary model result when n is greater than or equal to 10. Consequently, n = 10 is 

chosen as the standard number of the discrete segments in the heterogeneous-capillary 

model for later analyses. 

 

 

Figure 3.6 Effects of the number of discrete segments n used in the capillary model on the 

output power density from PG3. UCM and HCM respectively represent the uniform-

capillary model and the heterogeneous-capillary model. 
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3.4.2 Flux and flow rate 

 Figure 3.7 shows the effects of DS concentration on the permeating flux Jw which 

characterizes the membrane performance in the FO submodule. The results show that the 

theoretical relationship given by Eq. (3.5) can explain the trend of the experimental data 

very well. 

 

 

Figure 3.7 Effects of draw solution (DS) concentration on permeating flux Jw. Here, LMH 

means L m
-2

 h
-1

. 

 

 In addition, the experimental permeating fluxes obtained from three different sizes of 

porous glass become larger with increasing the DS concentration but perform quite close 

with each other, especially in the low concentration region. This observation shows that 

under our experimental conditions the concentration difference between the DS and the 

FS has a more significant effect on the permeating flux than the pore size of porous glass. 

This conclusion can also be confirmed by the theoretical models. Based on the theoretical 

results, both the uniform- and heterogeneous-capillary models yield almost the same flux 
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variation curves for each size of porous glass. Furthermore, it is seen from the figure that, 

at condition of the same DS concentration, the slight difference between these three 

fluxes is obviously induced by the porous glass, showing the smaller the pore size, the 

larger the pressure drop within porous glass and thus the lower the flux. Finally, it is clear 

that a larger concentration difference between the DS and the FS generates a higher 

permeating flux. However, higher permeating flux can induce more serious concentration 

polarization effects, resulting in slow increment of the permeating flux. This is the so-

called self-limiting effect [86] which can reasonably explain the phenomenon that both 

experimental and theoretical fluxes increase sharply at low concentration region but 

slowly at high concentration region. Due to the linear relationship represented by Eq. 

(3.32), a similar trend can also be concluded for the flow rate Qg. 

3.4.3 Pressure drop 

 Figure 3.8.a and Figure 3.8.b respectively show the predicted results of the ratio of 

the pressure drop caused by the porous glass to the overall pressure drop ΔPglass/ΔP and 

the ratio of the overall pressure drop to the effective osmotic pressure difference ΔP/Δπeff. 

Both the uniform-capillary model and the heterogeneous-capillary model are included. 

One important fact is that for each size of porous glass, these two kinds of ratios do not 

change with the DS concentration. In other words, these two ratios are only a function of 

the pore size of porous glass. Also the two ratios predicted from the uniform-capillary 

model are slightly higher than those from the heterogeneous-capillary model. As seen 

from Figure 3.8.a, both theoretical models show a similar trend, namely the pressure drop 

in porous glass decreases with increasing the pore size of porous glass. A similar trend is 

also noted for the ratio of ΔP/Δπeff shown in Figure 3.8.b, which indicates that the use of 
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porous glass with a smaller pore size generates a larger proportion of the overall pressure 

drop to the effective osmotic pressure difference. Although there is a remarkable increase 

of the ratio of ΔP/Δπeff with decreasing the pore size, a maximum ratio of 0.149% is 

noted according to the heterogeneous-capillary model. 

 

  

a b 

 Figure 3.8 Theoretical predictions of both the uniform-capillary model (UCM) and the 

heterogeneous-capillary model (HCM) for (a) Ratio of the pressure drop caused by the 

porous glass to the overall pressure drop ΔPglass/ΔP and (b) Ratio of the overall pressure 

drop to the effective osmotic pressure difference ΔP/Δπeff. 
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a 

 

b 

Figure 3.9 Effects of draw solution (DS) concentration on streaming potential ϕstr (a) and 

maximum streaming current Istr,max (b). 

 

 Figure 3.9.a and Figure 3.9.b present the effects of the DS concentration on the 

generated streaming potential ϕstr and maximum streaming current Istr,max, respectively. 
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Both theoretical and experimental results show that for a given size of porous glass, the 

streaming potential and the maximum streaming current increase with increasing the DS 

concentration; the increment is sharper at low concentration and slower at high 

concentration. As shown from Figure 3.9.a, for each size of porous glass, the generated 

streaming potentials predicted by the heterogeneous-capillary model are more consistent 

with the experimental results, while the uniform-capillary model overestimates the results. 

Figure 3.9.b shows that, compared to the experimental maximum streaming currents, the 

heterogeneous-capillary model provides good predictions for PG1 and PG2, but a slightly 

overestimated prediction for PG3. However in general, the heterogeneous-capillary 

model shows better agreement with the experimental data than the uniform-capillary 

model. 

 In addition, both theoretical and experimental results show that for a given DS 

concentration the porous glass of larger pore size, such as PG1 or PG2, yields relatively 

lower streaming potential and maximum streaming current than the porous glass of 

smaller pore size like PG3. Thus it can be concluded that porous glass of smaller pore 

size performs better in EK energy conversion process. 

3.4.5 Output power density 

 At a certain DS concentration, the electric power converted from the induced EK 

flow in porous glass is the multiplication of potential with current. Since the streaming 

current is a linear decreasing function of the terminal potential difference under the open-

circuit condition, the maximum power output occurs at the half of the streaming current 

where the current is exactly the half of the maximum streaming current [32, 36], namely: 
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1

4
power ,max str str ,maxP I   (3.35) 

 If the ratio of the generated power to the overall volume of micro/nano-channels is 

introduced as the power density [103], PD, the maximum power density is given by: 

 
power ,max

max

g g

P
PD

V 
  (3.36) 

where Vgϑg is the overall volume of micro/nano-channels. Based on this equation, we can 

obtain both the theoretical and the experimental maximum power densities which are 

plotted in Figure 3.10. A nearly monotonously increasing relationship between the 

maximum power density and the DS concentration is observed in this figure. In addition, 

the curves of the maximum power density predicted from the heterogeneous-capillary 

model are consistent with the experimental results. However, the uniform-capillary model 

overestimates the maximum power density, especially for the porous glass of small pore 

size like PG3. Furthermore, the maximum power density predicted by the heterogeneous-

capillary model is 0.241 W m
-3

 and the maximum experimental power density is 0.165 W 

m
-3

; both can be achieved by using the porous glass with an average pore size 6 μm at a 4 

M DS concentration. In addition, if typical seawater (equivalent to 0.5 M NaCl solution) 

and rive water (equivalent to 0.005 M NaCl solution) are employed as the DS and the FS 

respectively, the generated maximum power density can be predicted as 0.033 W m
-3

 

based on our theoretical model. It is shown that the maixmum power density obtained in 

this study is about the same order of magnitude as the power density of EK power 

conversion reported in a similar porous material [28]. The difference is that, rather than 

being driven by the salinity gradient utilized in this study, the EK power generation 
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process reported in the literature is due to pressure-driven flow induced by external 

pumping. 

 

 

Figure 3.10 Effects of draw solution (DS) concentration on the maximum power density 

PDmax. 

 

 Alternatively the power density can also be defined as the ratio of the generated 
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. Although this value is much smaller compared to the other two membrane-

based power generation technologies, PRO and RED, with their power densities of order 

about 1 W m
-2

 [3], the proposed EK-FO technique has a great potential to be further 

improved. On the one hand, as shown in Figure 3.8.b, the pressure drop caused by the 

pipeline and the porous glass is generally no more than 0.149% of the effective osmotic 

pressure generated in the FO submodule. This means that the EK submodule could be 

greatly scaled up to make the best use of the effective osmotic pressure and thus gives 

rise to much higher power density. On the other hand, since this new hybrid energy 
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conversion system is still in its initial stage, it is expected to greatly increase the 

generated power density through further improvement in design and operation, such as 

the use of the continuous flow mode instead of the currently applied batch mode, and the 

surface treatment to FO semipermeable membrane (for less polarization) and porous 

glass (for stronger EK effect) etc. 

 The energy conversion efficiency ηeff is defined as the ratio of the useful energy 

output to the total energy input. Specifically, for this study, the generated power is the 

useful energy obtained, which is given by Eq. (3.35), and the energy flow rate delivered 

from the spontaneous mixing of two solutions with two different concentrations is the 

energy input, which is given as [3]: 

 
,

1 1

2 ln ln

F F
D F

D DF
power mix g D F

F Fc
D F D F

D D

V V
C C

V VV
P RTQ C C

V VV
C C C C

V V

    
     

     
 

   
 

 (3.37) 

where R is the universal gas constant, Cc and Cd are respectively the concentrated 

solution concentration and the dilute solution concentration in unit of mol m
-3

, Vc and Vd 

are volumes of the concentrated solution and the dilute solution being mixed. Taking the 

typical seawater and river water as example, the energy conversion efficiency can be 

estimated as 0.15%. This estimation shows that the hybrid energy conversion technology 

reported in this study is of competitive compared to the other pressure-driven EK power 

generation technologies, such as the mechanical-electrokinetic battery [27] and the 

electrokinetic micro/nano-channel battery [28] with maximum energy conversion 

efficiencies of 0.77% and 0.045%, respectively. 
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3.5 Summary 

 In this chapter, both theoretical and experimental studies are conducted to assess the 

performance of the proposed FO-EK hybrid energy conversion system. Two different 

mathematical models are presented, and they are the uniform-capillary model and the 

heterogeneous-capillary model. The following conclusions can be drawn: 

1. Under the experimental conditions, the performance of the proposed hybrid FO-EK 

energy conversion system is better for a porous glass with a smaller pore size, and it 

almost monotonously increases with increasing the DS concentration; 

2. The heterogeneous-capillary model fits well with experimental results when the 

discrete segments are greater than or equal to 10, and it yields more accurate results 

compared to the uniform-capillary model; 

3. The maximum power density predicted by the heterogeneous-capillary model is 0.241 

W m
-3

 and the maximum experimental power density is 0.165 W m
-3

; both can be 

achieved by using the porous glass with an average pore size 6 μm at the DS 

concentration 4 M. 
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Nomenclature 

a  Radius of capillary [m] 

a1  Osmosis coefficient, –4.112 × 10
6
 [Pa M

-1
] 

a2  Osmosis coefficient, –0.349 × 10
6
 [Pa M

-1
] 

A  Water permeability coefficient [m Pa
-1

 s
-1

] 

Ac  Cross-section area of capillary [m
2
] 

Ag  Cross-section area of porous glass disk with radius rg [m
2
] 

Am  Effective area of the membrane applied in FO submodule [m
2
] 

Ar  Cross-section area of the representative capillary with radius 
pr  [m

2
] 

B  Solute permeability coefficient [m s
-1

] 

c  Concentration of electrolyte solution [M] 

c’  Concentration of the DS when the FO-EK energy conversion system is at 

pseudo-equilibrium state [M] 

C  Concentration electrolyte solution [mol m
-3

] or [mM] 

dh  Hydraulic diameter [m] 

dp  Diameter of the equivalent center pore of the porous glass [m] 

D  Salt diffusion coefficient [m
2
 s

-1
] 

Dk  Diffusivity of ion species k [m
2
 s

-1
] 

Dp  Diameter of the pipe along the pipeline [m] 

e  Elementary charge [C] 

Ex  Streaming potential gradient [V m
-1

] 

f  Probability density distribution function [-] 
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fc  Coefficient of the surface resistance [-] 

F  Cumulative probability distribution function [-] 

G  I1(κa)/I0(κa) [-] 

F   Faraday constant [C V
-1

] 

hf  Friction loss [m] 

hL  Total head loss [m] 

hm  Minor loss [m] 

i   Electric current density vector [A m
-2

] 

I  Overall electric current [A] 

Ic  Conduction current [A] 

Istr  Convection current or streaming current [A] 

Ix  Electric current along axial flow direction [A] 

I0  Zero-order modified Bessel function [-] 

I1  First-order modified Bessel function [-] 

Jw  Solvent flux across the membrane [m
3
 s

-1
 m

-2
] 

k  Mass transfer coefficient [m s
-1

] 

kB  Boltzmann constant [J K
-1

] 

kf  Minor loss coefficient [-] 

K  Solute resistivity [s m
-1

] 

lp  Effective length of the equivalent center pore of the porous glass [m] 

L  Length of the capillary [m] 

Le  Effective length of the equivalent capillary of the porous glass [m] 

Lp  Length the pipe along the pipeline [m] 
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n  Total number of the steps between the maximum and minimum radiuses [-] 

nf  Amount of the fiction losses along the pipeline [-] 

nk  Ionic number concentration of the species k [m
-3

] 

n+  Ionic number concentration of the cations [m
-3

] 

n-  Ionic number concentration of the anions [m
-3

] 

N  Total number of the equivalent capillaries of the porous glass [-] 

P  Hydrostatic pressure [Pa] 

PD  Power density [w m
-3

] 

Ppower Output power generated in porous glass [w] 

Px  Pressure gradient, −dP/dx [Pa m
-1

] 

ΔP  Overall pressure drop [Pa] 

Q  Total volumetric flow rate in capillary micro/nano-channel [m
3
 s

-1
] 

Qg  Total volumetric flow rate passing through the porous glass disk [m
3
 s

-1
] 

Qr  Total volumetric flow rate passing through the representative single capillary of 

the porous media [m
3
 s

-1
] 

rp  Radius of the equivalent capillary [m] 

pr   Mean radius of the equivalent capillaries of the porous media [m] 

rp,i  Radius of the i
th

 capillary [m] 

,p ir   Average radius for a certain range of the capillary size distribution [m] 

rp,max Maximum radius of the equivalent capillaries [m] 

rp,min Minimum radius of the equivalent capillaries [m] 

Δrp  Step size of the capillary radius [m] 

R  Universal gas constant [J K
-1

 mol
-1

] 
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Re  Reynolds number [-] 

S  Structure factor [m] 

Sc  Schmidt number [-] 

t  Thickness [m] 

T  Temperature [K] 

ux  Velocity along the axial direction of the capillary [m s
-1

] 

Vp  Volume of the equivalent center pore of the porous glass [m
3
] 

Vtotal Total volume of the porous glass [m
3
] 

Vvoid  Void volume of the porous glass [m
3
] 

z  Absolute value of the valence for (z:z) electrolyte [-] 

zk  Valence of the ion species k [-] 

 

Greek symbols 

ε  Permittivity of material [C m
-1

 V
-1

] 

ε0  Permittivity of vacuum (free space), 8.854 × 10
-12

 [C m
-1

 V
-1

] 

εr  Relative dielectric constant [-] 

ζ  Zeta potential [V] 

η  Dynamic viscosity [kg m
-1

 s
-1

] or [Pa s] 

κ  Inverse of the EDL thickness [m
-1

] 

λ  EDL thickness [m] 

Λi  Cumulative probability of the radius range from ri-1 to ri 

μ  Chemical potential [J mol
-1

] 

μp  Mean radius of the equivalent capillary [m] 
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π  Osmotic pressure [Pa] 

Δπ  Osmotic pressure difference [Pa] 

ρf  Free charge density [C m
-3

] 

ρ  Fluid density [Kg m
-3

] 

σ
∞
  Conductivity of electrolyte solution in the bulk [S m

-1
] or [A V

-1
 m

-1
] 

σp  Standard deviation of the radius of the equivalent capillary [m] 

τ  Tortuosity [-] 

ν  Stoichiometric number [-] 

ϕ  Overall electric potential [V] 

Δϕ  Electric potential difference between the two ends of the porous glass [V] 

ϕstr  Streaming potential [V] 

χ  Osmotic coefficient [-] 

ψ  Potential due to the electric double layer (EDL) [V] 

ψs  Surface potential [V] 

Ω  εζ/η [m
2
 V

-1
 s

-1
] 

ϑ  Porosity [-] 

 

Subscripts  

a  Anion 

b  Bulk solution 

c  Cation 

D  Draw solution 

eff  Effective parameter 
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F  Feed solution 

g  Porous glass disk 

k  Ion species 

l  Parameters related to the solvent 

m  Membrane 

max  Maximum value 

mix  Mixture 

s  Parameters related to the solute 

∞  Bulk solution 
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Chapter 4: External concentration polarization 

(ECP) in forward osmosis (FO) 

Equation Chapter 4 Section 1 

4.1 Introduction 

 Concentration polarization (CP), including external concentration polarization (ECP) 

and internal concentration polarization (ICP), is a significant inherent phenomenon 

occurring in membrane-based separation processes, which decreases the chemical 

potential gradient across the membrane, and thus reduces the solvent permeating flux, 

and finally diminishes the separation efficiency. Different from reverse osmosis (RO) 

suffering from high externally imposed pressure at the high concentration side, the 

forward osmosis (FO) process operates without need of any extra pressure. Therefore, the 

asymmetric semipermeable membrane used in FO process has lower propensity to get 

series ICP, especially when the porous support layer facing against dilute solution. In 

fact, studies have demonstrated that the ECP effect, particularly at the concentrated 

solution side, plays overwhelming roles in determining the performance of FO process 

[104, 105]. However, most of those previous studies always straightforwardly start their 

research based on high tangential volume flow rate. In this situation, the ECP layer can 

be well controlled in a quite thin region near the membrane surface and then studies 

proceed to focusing on the other effects such as ICP [74, 106-109], properties of feed 

solution (FS) and/or draw solution (DS) [82, 110-116], membrane structures [77, 78, 80, 

117-128], flow patterns [129-131], etc. Evidently, higher tangential volume flow rate 
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definitely gives rise to lower ECP, but also induces higher propensity of fouling and 

scaling of membrane [132] and higher energy consumption. Above all, the FO efficiency 

does not always increase significantly with the growth of tangential volume flow rate. 

When the volume flow rate beyond a certain value, the FO efficiency will be kept level 

off [104]. Although the ECP effect plays significant role in FO process, to the best 

knowledge of author, neither experimental study has been systematically conducted to 

investigate the properties of such ECP layer, nor the experimental visualization and 

quantitative characterization. 

 In addition, for existing theoretical studies, two classical theories about FO process 

are film theory [86, 87, 131, 133-137] and convection-diffusion theory [138-142]. Film 

theory is a one-dimensional (1D) analytical model based on assumptions that, solvent 

permeating flux along the membrane is axially invariant and it has no effect to the axial 

velocity field [143]. In real FO process, however, the solvent permeating flux will 

definitely dilute the DS, which, in turn, decreases the permeating flux at the downstream 

region. Meanwhile, once the solvent permeates across the membrane into the DS 

chamber, the axial velocity profile must be varied due to the constant cross-section area 

of the chamber. Conversely, the convection-diffusion theory, composed by mass transfer 

equation, momentum equation and convection-diffusion equation, can provide much 

more actual predictions to the FO process since it is free of assumptions proposed in film 

theory. 

 Furthermore, it is also found that, from the pioneer proposal of FO concept [137, 

144] to its application, most of performance studies on FO are conducted from 

macroscopic perspective. Jensen, Lee et al. [145] studied FO on a chip with channel 
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dimensions in order of micrometer, but only focused on functional study of osmosis 

pump rather than mechanism study of FO. As well known that, compared to conventional 

technologies, microtechnology could provide a quantity of potential benefits, which, 

particularly for the FO study in microscope, include enhancing water transport, 

improving system performance, increasing separation efficiency, and facilitating 

experimental studies on FO mechanism. 

 Consequently, the objective of this chapter is to study the ECP phenomenon in FO 

process based on microtechnology. In particular, experimental study is firstly conducted 

to investigate the variations of FO flow rate and FO efficiency with increasing the 

tangential volume flow rate and to visualize and quantify the ECP phenomenon in FO 

process through a microchannel device. In order to further interpret experimental study, 

corresponding numerical simulation is also conducted based on convention-diffusion 

theory. 

4.2 Experiment 

4.2.1 Design and fabrication of FO device 

 To study FO process with focusing on properties of ECP layer on DS side, a 

microchannel system is firstly designed and fabricated in this work which consists of two 

identical FO chambers for DS and FS as sketched in Figure 4.1.a. Fluorescent solution 

together with microscope is utilized to visualize the ECP layer. In order to get a clear 

view on the platform of microscope, the FO device should be transparent and as small as 

possible, and the side-surfaces of the channel device perpendicular to the FO flux should 

be kept smooth enough. Inspired by conventional photolithography technique in 
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fabricating poly-dimethylsiloxane (PDMS) micro/nano-channels, an aluminous channel 

mode with four smooth side-walls for casting PDMS is pre-fabricated by milling and 

grinding. Based on this specially designed FO mode, these basic requirements for channel 

device mentioned above could be easily satisfied. For this FO device, two chambers share 

the same channel structure, being composed of one main channel for FS/DS and two 

subordinate channels as inlet and outlet. Schematic of the DS chamber and the 

corresponding main dimenisons are shown in Figure 4.1.b. Length l0 and width w0 of the 

cross-section of main channel facing against the semipermeable membrane are 25 mm 

and 500 µm, respectively. The height h0 of the main channel is 1 mm. In addition, the 

cross-section of the inlet/outlet channel is 500 µm × 500 µm with height of 10 mm. The 

overall FO device is mechanically assembled together by two cover sheets of polymethyl 

methacrylate (PMMA) and two bolts. The size of the membrane should be a little bit 

larger than the cross-section of main chamber but smaller than the cross-section of PDMS 

block. Only in this way, the FO membrane can be well sealed in between the FS and the 

DS chambers without any fluid leakage. 
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a 

 

b 

Figure 4.1 a. Schematic of main components of the FO device; b. Main dimensions of the DS 

chamber. In figure b, the dashed line represents the semipermeable membrane, c0 and u0 

are respectively the initial concentration and the inlet velocity of DS; h0 and l0 are 

respectively the height and the length of the main DS channel; and Jw is the solvent 

permeating flux due to osmotic pressure difference between the DS and the FS. 
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 In this work, a kind of flat-sheet cellulose triacetate (CTA) FO membrane (Hydration 

Technology Inc., Albany, OR) is utilized as the semipermeable membrane due to its 

remarkable property of high water permeability coefficient. This kind of membrane 

consists of a thin selective layer and a thick embedded-polyester-woven porous support 

layer. The overall thickness varies from 30 to 50 μm depending on different locations. 

This thickness property meets well with the requirement of assembling the FO device 

since that such thin FO membrane induces negligible deformation to the soft PDMS 

blocks. The dense selective layer of membrane is placed against the DS, which is the 

most common assembly pattern applied in FO separation process. Since this kind of 

semipermeable membrane has a high salt rejection of more than 99%, the salt flux across 

the membrane can be reasonably ignored. In addition, this specially designed FO 

membrane can effectively diminish the ICP due to the significantly reduced thickness of 

the porous support layer compared with conventional FO membranes [109]. Meanwhile, 

the DI water is employed as the FS to further reduce the ICP effects to almost zero. In 

those situations, the ICP at the FS side could be reasonably decoupled from FO process. 

4.2.2 FO experiment setup and procedure 

 The FS and the DS used in this study are DI water and NaCl solution with a 

concentration of 1 M. In order to visualize the ECP phenomenon, Fluorescein-Na 

(Sigma-Aldrich Corporation, Singapore), a kind of fluorescent solute with 

excitation/emission wavelength of 460 nm/515 nm, was utilized. The concentration of 

Fluorescein-Na solution was prepared at 55.4 μM. The diffusivities of NaCl and 

Fluorescein-Na are 1.48×10
-9

 m
2
 s

-1
 and 4.25×10

-10
 m

2
 s

-1
 [146], respectively. An 

epifluorescence microscope (Carl Zeiss, Germany) illuminated by a mercury lamp (Zeiss, 
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mbq 52ac) was applied to observe the fluorescein solution. A coupled charge device 

(CCD) camera (Sensovation AG, Germany) together with 5× objective lens was 

employed to capture the optical images which were simultaneously stored into a 

computer through software Sensovation SamBa EZ-series, IEEE 1394. In addition, a two-

channel syringe pump (KDScientific, USA) was employed to provide continuous volume 

flow rate to FS and DS. A precious analytical balance (B-220C, Fisher Scientific) with 

readability of 0.0001 g was used to measure the FO permeating volume flow rate. For all 

experimental study, co-current flow of FS and DS was adopted to balance the pressure 

generated in two chambers beside membrane. Prior to each test, FO device should be 

cleaned and rinsed by DI water in an ultrasonic machine for 30 minutes and dried by 

compressed air. 

4.2.2.1 Relationship between FO efficiency and Reynolds number 

 Experiments in this section mainly focus on characterizing the relationship between 

the FO volume flow rate and the tangential volume flow rate. The schematic of the 

experiment setup is shown in Figure 4.2. The DI water and the 1 M NaCl solution mixed 

with 55.4 μM Fluorescein-Na solution were employed as the FS and the DS, respectively. 

Since the weight measurement was significantly sensitive to external noise, all slits on the 

glass cover of balance were required to be tightly sealed. Two syringes together with 

syringe pump were used to provide tangential flow through the FO device. If air bubbles 

were trapped inside the chambers or tubes, a higher volume flow rate was applied to flush 

away those bubbles. Measurements of weight variation of FS were conducted throughout 

all experiments in this section since that, different with DS, the density of FS was 

constant for all FO process no matter how the tangential volume flow rate changes. 
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Figure 4.2 Schematic of the volume flow rate measurement system. 

 

 For calibration experiment, both chambers of FO device were injected with FS so 

that there was no osmotic flux across the membrane. With syringe pump running at a 

certain volume flow rate (5, 10, 20, 40, 60, 80, 100 and 150 μl min
-1

), the weight 

vartiation was accurately monitored and recorded by data logger which could be further 

processed into the real volume flow rate provided by syringe pump. For measurement of 

FO volume flow rate, DS and FS were separately filled into the corresponding chamber. 

Along with FO running, the FS permeated across the membrane into the DS chamber, 

diluting the DS. Meanwhile, the weight variation of FS was also recorded which could be 

later processed to another volume flow rate. The difference between these two kinds of 

volume flow rate is just the FO volume flow rate. 

4.2.2.2 Relationship between CP layer and Reynolds number 

 The main focus of this experiment is to visualize the ECP layer and quantify the 

osmotic pressure distribution within the ECP layer at different Reynolds numbers. Along 
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with FO proceeding, the DS is continuously diluted by the permeating DI water from the 

FS side but also simultaneously refreshed by the injected DS. Finally, the DS reaches a 

steady state with large concentration gradient within the layer nearby membrane but 

almost zero at the region far away from membrane. Based on the same mechanism, the 

fluorescein-Na solution should also be diluted and refreshed and finally reaches such 

steady state. The concentration variation of Fluorescein-Na can be easily detected by 

microscope with exciting illumination. Therefore, the Fluorescein-Na was utilized here to 

indirectly visualize the ECP layer of NaCl solution. 

 Experiments showed that, even in the situation of no FO flux, images of the DS 

channel taken under exciting light exhibited heterogeneous distribution of gray value due 

to the inevitable fabrication defection. In order to decouple this intrinsic noise, calibration 

experiment should be conducted first. The schematic of ECP layer visualization 

experiment is shown in Figure 4.3. For calibration experiment, DS was injected into both 

DS and FS channels by syringe pump to purely visualize the DS channel, so that the 

microscope could accurately capture the background view of the DS channel. 

Visualization experiment of ECP layer was then conducted based on the calibration 

experiment. In this experiment, DS and FS were simultaneously injected into the 

corresponding DS channel and FS channel. For both experiments, syringes were fixed 

onto a syringe pump which was previously set at a required volume flow rate, 50 μl min
-1

, 

100 μl min
-1

 or 150 μl min
-1

. Meanwhile, five observation points with equal intervals 

along axial direction of DS channel were determined with assistance of tick marks on the 

object stage. All those images taken from calibration experiment and visualization 

experiment at the pre-determined observation points were then post-processed by 
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software of Adobe Photoshop CS4, Wolfram Mathematica 8 and ImageJ to figure out the 

pure images of ECP layer at different axial positions and different Reynolds numbers. 

 

 

Figure 4.3 Schematic of external concentration polarization (ECP) layer visualization 

experiment. 

 

4.3 Numerical simulation 

4.3.1 Governing equations 

 In order to interpret experimental results, a two-dimensional (2D) numerical 

simulation about the steady FO process confined in a microchamber is accordingly 

conducted. The CP effect at the FS side could be reasonably ignored due to that the DI 

water is employed as FS and the high-salt-rejection CTA membrane is utilized as the 

semipermeable membrane. In this situation, analysis only focuses on ECP layer at the DS 

side with assumptions that parameters including fluid density ρ, diffusivity D, and 

dynamic viscosity η are independent on solution concentration and the FO membrane is 
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strictly semipermeable with 100% rejection to salt. The simplified 2-D configuration of 

the DS channel is shown as Figure 4.1.b. The convection-diffusion theory is utilized here 

by combining momentum equation, continuity equation and convection-diffusion 

equation. Scaling analysis is recommended in numerical study. Non-dimensional 

variables are defined as: 
0h   , 

0u


u
u , 0 0

0

p u
p

h
 , 

0

c
c

c
 , 0 0Re

h u 


 , 0 0Pe

u h

D
 . 

Re and Pe are the Reynolds number and Péclet number. Based on those pre-defined non-

dimension parameters, governing equations for steady fluid flow without any body force 

and source term are given as: 

Momentum equation: 2Re  p     u u u  (4.1) 

Continuity equation: 0=u   (4.2) 

Convection-diffusion equation: 2Pe c c   u  (4.3) 

 Moreover, Fluorescein-Na is utilized in experimental part to visualize and quantify 

ECP layer. Therefore, in addition to the mass transfer equation for NaCl, another mass 

transfer equation for the fluorescent solution concentration should also be counted into 

the governing equations. For the FO process, it is assumed that the osmotic pressure is 

only created by the NaCl solute since the concentration of Fluorescein-Na could be 

reasonably neglected compared to that of NaCl. Meanwhile, it is assumed the diffusion 

processes of these two kinds of solutes have no mutual effect with each other. 
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4.3.2 Boundary conditions 

 Referring to Figure 4.1.b, boundaries of the simulation domain can be generally 

categorized into four types: the inlet, outlet, membrane and walls. Dimensionless 

boundary conditions are analyzed in this section.  

 For momentum and continuity equations, velocity at the inlet is unit; at the outlet, the 

pressure is treated as zero; the permeating flux of DI water perpendicular to membrane 

surface due to osmotic pressure difference is expressed as 0
1

0

ARTc
c

u
 with A, R, T and 

subscript ‘1’ representing water permeability coefficient, universal gas constant, 

temperature and NaCl salt; no-slip boundary condition is applied to all the walls.  

 For mass transfer equation for the concentration distribution of NaCl solution, 

concentration at the inlet is unit which is freely developed with the fluid flow at outlet; 

mass insulation boundary is reasonably set at membrane and all walls. All boundaries 

conditions corresponding to mass transfer equation of fluorescent solution are same with 

those of NaCl solution except that the fluorescent solution concentration at inlet is 
2c , 

normalized by c0, with subscript ‘2’ representing fluorescent salt.  

 Here the no-slip boundary is mathematically expressed as 0=u . And the insulation 

boundary is generally defined as that the electrolyte flux due to convection equals to that 

due to diffusion, i.e., 
1

0
Pe

c c    n n u . 

 Numerical simulations were performed by using commercially available finite 

element software, Comsol Multiphysics 3.5a (Comsol Inc., Sweden), with coupling three 

build-in modes. One incompressible Navier-Stokes mode was applied to solve the 

velocity filed and two convection-diffusion modes were used to investigate mass transfer 
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of NaCl and Fluorescein-Na. Known parameters are given as: A = 2.2 × 10
-12

 m Pa
-1

 s
-1

 

[3], R = 8.314 J K
-1

 mol
-1

, T = 298 K, ρ = 10
-3

 kg m
-3

, η = 1 × 10
-3

 Pa·s. In addition, 

totally five dependent variables were achieved through simulations which are u , v , p , 
1c  

and 
2c . The liner system solver UMFPACK was selected along with relative convergence 

tolerance of 10
-6

 and maximum iterations of 25. Mesh independence were also tested for 

all simulations. The computation processes were conducted on an Inter (R) Xeon (R) 

CPU E5-2643 0 @ 3.30 GHz, 128 GB random access memory computer. 

4.4 Results and discussion 

4.4.1 FO flow rate and FO efficiency 

 In this section, the calibration experiment data and the corresponding fitted function 

between volume flow rate shown by pump and actual volume flow rate are shown in 

Figure in Appendix C. All the later experiments were conducted based on this calibrated 

relationship. 

 Figure 4.4 shows relationships of FO flow rate QFO versus Re and FO efficiency ηFO 

versus Re. Good consistencies between numerical results and experimental results are 

observed from this figure for both FO flow rate and FO efficiency. In particular, the FO 

flow rate sharply rises with the growth of Re only at the region of 0 < Re < 1, which later 

increases slowly at the region of Re > 1. Correspondingly, with increasing the Re of 

tangential flow, the FO efficiency drops rapidly at the region of 0 < Re < 1 first and then 

afterwards gets closer and closer to zero. It is well known that the FO flux across the 

membrane is proportional to the concentration difference between two solutions at both 
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besides of the membrane. Since the DI water is used as FS, then the FO flux can be 

equivalently treated as only a function of DS concentration on the membrane surface. 

When there is no tangential flow, i.e., Re = 0, the DS is continuously diluted by the 

permeating DI water from the FS side which in turn slows down the FO process as well 

as the diluting process to the DS. Although the FO process getting more and more slowly 

due to the continuously diluted DS concentration on the membrane surface, it still goes 

on according to thermodynamics. However, once there is a tangential flow on the 

membrane surface at DS side, even with a small value, the diluted DS on the membrane 

surface will be refreshed and then the osmotic pressure will be dramatically enhanced and 

finally the FO flow rate increases substantially as shown at region of 0 < Re < 1. 

Although both FO flow rate and tangential flow rate increase, the increment speed of the 

former is far lower than that of the latter. Therefore, the FO efficiency, according to the 

definition, decreases significantly at this region. With continuously increasing the 

tangential flow rate after Re = 1, since the ECP layer has been already compressed within 

a thin layer nearby the membrane surface, it only shrinks a little and thus the DS 

concentration on the membrane surface is only slightly increased at this Re region. 

Further elaborations about those variations of the ECP layer and the corresponding DS 

concentration on the membrane surface will be given in the following section. In this 

situation, the FO flow rate increases quite slowly and the FO efficiency almost 

approximates to zero. 
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Figure 4.4 Relationship between FO flow rate QFO and Re shown as diamond symbols and 

dashed line and relationship between FO efficiency ηFO and Re shown as square symbols 

and solid line. The continuous curves represent numerical results and discrete points are 

obtained from experiment. Here, the FO efficiency is defined as the ratio of the FO flow rate 

across semipermeable membrane to the tangential volume flow rate, i.e., ηFO = QFO/Qt. 

 

 Studies in this section provide worthy optimizing method to FO process. At low Re 

number ranging from 0 to 1, the ECP phenomenon predominately determines the FO 

flow rate due to the seriously reduced osmotic pressure within ECP layer. Although the 

FO flow rate is low at this Re number range, the FO efficiency is high. On the other hand, 

at high Re number larger than 1, the ECP is greatly reduced by high tangential flow rate. 

However, the enhancement in FO flow rate is not significant due to the little variation of 

ECP layer and membrane surface concentration. In this situation, if higher FO flow rate is 

wanted, methods such as reducing ICP or using high performance semipermeable 

membrane are preferred instead of simply increasing the tangential flow rate. 
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4.4.2 Region of CP layer 

 

 

Figure 4.5 The discrete data and the continuous curves at the bottom part, separately 

obtained from experiment and numerical simulation, represent variation of the ECP layers 

with axial position at three different Re. The upper curves represent the numerically 

obtained relationship between dimensionless DS concentration on the membrane surface 

cm/c0 and axial position at three different Re. 
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linearly increase with the variation of DS concentration. Generally, ECP layers at three 

tangential flow rates, 50 μl min
-1

, 100 μl min
-1

 and 150 μl min
-1

, were systematically 

investigated. The corresponding Reynolds numbers of the tangential flows are calculated 

as 1.85, 3.70 and 5.56, respectively. For each flow rate, five sets of experimental data are 

obtained along axial direction of DS channel which jointly constitute the ECP boundary 

as shown in Figure 4.5. This figure also shows three numerical profiles of the ECP 

boundary and other three numerical profiles of the dimensionless DS concentration on the 

membrane surface corresponding to the three aforementioned Reynolds numbers. Here, 

the boundary of the numerical ECP layer is defined as the location, the concentration of 

which is 99% of the bulk DS concentration. 

 It can be seen from Figure 4.5 that: (1) good consistence in variation trends between 

numerical ECP layers and experimental ECP layers proves that the convection-diffusion 

model used in this study not only provides well prediction to the FO process but also 

interprets the experimental results; (2) unlike normally assumed in film theory [86, 87, 

131, 133-137], both numerical and experimental results show that the ECP layer varies 

along axial direction. This is mainly because that, the ECP layer at the forepart of DS 

channel is refreshed immediately by the injected fresh DS and thus compressed within a 

thinner region. Meanwhile, the fresh DS is also simultaneously diluted by the permeating 

DI water from the FS side along the axial direction. The ECP layer at the rear part of DS 

channel is refreshed by this diluted DS, which cannot effectively constrain the ECP 

within a thin region the same as that at the forepart. Therefore, the ECP layer is thin at the 

forepart but thick at the rear part; (3) high tangential flow rate gives rise to thin ECP layer 

and high membrane concentration. As well known that, the thickness of ECP layer 
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indicates the intensity of ECP phenomenon, i.e., the thicker the ECP layer is, the more 

serious the ECP phenomenon is. With increasing the tangential volume flow rate, faster 

mass refreshment of DS is induced by the increased convection flow so that the ECP can 

be reasonably reduced and thus ECP layer is thinner and membrane concentration is 

higher. In this situation, the FO flux is subsequently increased due to the enhanced 

membrane concentration. Consequently, it is reasonably concluded that high tangential 

flow rate gives rise to high FO flow rate, which also coincides with relationship shown in 

Figure 4.4; (4) less and less significant reduce in ECP is caused by equal increment in 

tangential flow rate. One reasonable prediction about the effects of tangential flow on 

ECP phenomena is that, there must be one critical Rec above which no any decrease in 

thickness of ECP layer happens. Then the increase in FO flow rate with the growth of Re 

(as shown in Figure 4.4) is then level off due to the relatively stable CP layer.  

 The obtained results in this part investigate properties of ECP at different axial 

positions and different Reynolds numbers of tangential flow, which also provides a 

further detailed explanation to the relationship between the FO flow rate and the 

Reynolds number of tangential flow. 

4.4.3 Osmotic pressure distribution within ECP layer 

 Theoretically, the osmotic pressure π is estimated as a linear decreasing function of 

the solution concentration according to Eq. (2.2). If the osmotic pressure is scaled by the 

osmotic pressure in the bulk π0 with solution concentration of c0, the dimensionless 

osmotic pressure distribution π/π0 can be equivalently represented by the dimensionless 

concentration distribution c/c0. Then the numerical and the experimental dimensionless 

osmotic pressure distributions within the DS channel at three different Reynolds numbers 
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smaller than Rec are easily obtained as shown in Figure 4.6. From this figure it can be 

concluded that, (1) the ECP layer is compressed within a thinner and thinner region along 

with the rise of the tangential volume flow rate, which has been fully explained in Section 

4.4.2; (2) the ECP phenomenon can be effectively reduced and thus the FO volume flow 

rate can be enhanced by increasing the tangential volume flow rate. Within the ECP 

layer, the concentration of the diluted DS indicates the intensity of ECP, i.e., the lower 

the concentration of the diluted DS is, the more serious the ECP phenomenon is. It is 

shown that the DS within the ECP layer is the most diluted at Re = 1.58 but the least 

diluted at Re = 5.56. In other words, the diluted DS within ECP layer can be timely and 

effectively refreshed by the tangential flow with high volume flow rate. In addition, due 

to the least diluted DS concentration within the ECP layer at Re = 5.56, the DS 

concentration on the membrane surface is the highest and the FO volume flow rate is thus 

greatly enhanced compared with that at Re = 1.58.  

 

 
 

a b 

0.99

0.95

0.9

0.85

0.8

0.75
0.7

0.65
0.6

Axial direction, x/h
0

V
et

ic
al

d
ir

ec
ti

o
n

,
y/

h
0

0 5 10 15 20 25
0

0.1

0.2

0.3

0.4

0.5
Re=1.58

0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25

V
er

ti
ca

l 
d

ir
ec

ti
o

n
, 

y/
h

0

Axial direction, x/h0

Re=1.58
0.99

0.95

0.90

0.85

0.80
0.75



 

 84 

 
 

c d 

 
 

e f 

 

Figure 4.6 Dimensionless osmotic pressure distributions within the DS chamber at three 

different Reynolds numbers smaller than Rec. For each tangential volume flow rate with a 

specific Reynolds number, the left figure is obtained from numerical analysis and the right 

figure is achieved from experimental data. 
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4.5 Summary 

 In summary, two main works are carried out in this chapter, experimental 

investigation and numerical simulation. For the experimental investigation, due to 

significant advantages of microtechnology compared with conventional 

macrotechnology, a micro-FO-device is utilized to systematically study the 

predominating ECP phenomenon in FO process. Specifically, two main experiments are 

carried out. One is to study the relationships between the FO flow rate and the tangential 

flow rate and between the FO efficiency and the tangential flow rate; the other one is to 

study the ECP layer variation at different axial locations and different tangential flow 

rates as well as the osmotic pressure distributions within the ECP layer. In order to 

interpret experimental results, a 2D numerical simulation about of steady FO process in a 

microchamber is conducted based on the convection-diffusion theory. Compared to the 

conventional 1D film theory with assumptions of no permeating flux variation and no 

flow field variation along axial direction, the convection-diffusion theory is reasonably 

selected to simulate FO process because it does not involve those assumptions mentioned 

above. The governing equations consist of the mass transfer equation, the momentum 

equation and the convection-diffusion equations. The osmosis process is reflected by the 

solvent permeating flux across the membrane into the DS region, which is set as an 

essential boundary condition in the simulation part. Main findings based on comparative 

study between numerical and experimental results are summarized as:  

1. Compared to the commonly used film theory, the convection-diffusion theory can 

provide better interpretation and prediction to the FO process due to less 

assumptions set in this theory;  
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2. The thickness of the ECP layer and the solvent permeating flux vary along with the 

axial direction;  

3. Higher tangential volume flow rate gives rise to thinner ECP layer and higher FO 

flow rate but lower FO efficiency;  

4. The FO flow rate and the FO efficiency will be kept level off when the Reynolds 

number of tangential volume flow rate is beyond a critical value Rec. In this situation, 

to obtain higher FO flow rate, methods such as reducing ICP or using high 

performance semipermeable membrane are desired.  

 In addition to these fundamental and optimization studies on the ECP phenomenon 

in FO process, the main contribution of this work is the experimental study based on 

microtechnology, especially the visualization and quantitative characterization of the 

ECP layer, which haven’t been done by other researchers. 
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Nomenclature 

A  Water permeability coefficient [m Pa
-1

 s
-1

] 

c  Concentration [M] 

D  Salt diffusion coefficient [m
2
 s

-1
] 

h0  Height [m] 

Jw  Solvent flux across the membrane [m
3
 s

-1
 m

-2
] 

l0  Length [m] 

Pe  Péclet number [-] 

Q  Volumetric flow rate [m
3
 s

-1
] 

R  Universal gas constant [J K
-1

 mol
-1

] 

Re  Reynolds number [-] 

T  Temperature [K] 

u0  Inlet velocity [m s
-1

] 

w0  Width [m] 

 

Greek symbols 

η  Dynamic viscosity [kg m
-1

 s
-1

] or [Pa s] 

ηFO  FO efficiency [-] 

ρ  Fluid density [kg m
-3

] 

 

Subscripts 

0  Bulk solution 
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1  NaCl salt 

2  Fluorescent salt 

c  Critical value 

FO  Forward osmosis 

m  Membrane 

T  Tangential flow 
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Chapter 5: Ion concentration polarization 

(IonCP) in pressure-driven 

electrokinetic (EK) flow through a 

capillary system 

Equation Chapter 5 Section 1 

5.1  Introduction 

 As already elaborated in chapter of Literature review, the ion concentration 

polarization (IonCP), occurrence at the inlet and the outlet of the surface charged 

micro/nano-channel, significantly affects the output energy to the external electric load, 

especially for conditions of high surface charge densities, low solution concentrations and 

high applied pressure gradients [55, 56]. However, since the IonCP in pressure-driven EK 

process is not as significant as that in electroosmosis process due to the highly applied 

electric field, most of previous studies on IonCP in EK processes focus on the 

electroosmosis process while only a few pay attention to the IonCP in pressure-driven EK 

process. Although the other few studies considered the IonCP in the energy conversion 

process of the pressure-driven EK flow, they just emphasize on analyzing the effects of 

the channel and the fluid properties on the generated power and the corresponding energy 

conversion efficiency, as well as on the distributions of ion species, potentials, pressures 

and current densities inside the channel. As for the questions how the IonCP essentially 

affects the inner characteristics and the terminal characteristics of the surface charged 
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channel in pressure-driven EK process and what the relationships between those two 

kinds of characteristics are, they do not give sufficient and precise investigations or 

elaborations [29, 36, 67, 68]. However, if such a novel energy conversion technique is 

attempted to be put into real applications, the most pressing issue undoubtedly is to figure 

out those two questions mentioned above. 

 In this chapter, a comparison study based on numerical simulations is conducted to 

investigate the IonCP effects on the energy conversion performances of the pressure-

driven EK flow through a capillary system, consisting of a single capillary connected 

with two big reservoirs at each end. In addition to investigating the inner characteristics 

of the energy conversion system, the terminal characteristics are also explored under 

various given conditions. Furthermore, the relationships between those two kinds of 

characteristics are reasonably built up through analyzing the various induced IonCPs. 

5.2 Theoretical model and numerical simulation 

5.2.1 Theoretical model for pressure-driven EK flow in a 

capillary system 

5.2.1.1 Governing equations 

 As shown in Figure 5.1.a, we consider a pressure-driven EK flow through a glass 

capillary system, consisting of a single capillary connected with two big reservoirs at 

each end. This energy conversion system could be reasonably considered as a power 

source when it is connected with an external electric load through electrodes. Here, we 

simplify the mechanical process of the energy conversion system without considering the 
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chemical reactions and polarizations on electrodes. In fact, the charged capillary zoon is 

the real function element and the connected reservoirs are only side parts of the 

equivalent battery which exactly reduce the output power. The streaming potential in the 

traditional theory with a single capillary is the electric potential difference between two 

ends of capillary but in the theory adopted in this study with a capillary system is the 

electric potential difference between the two electrodes. In order to quantificationally 

obtain characteristics of such kind of power source, numerical simulations are conducted 

in this study based on the extracted theoretical model and the simplified two-dimensional 

(2D) geometry domain as shown in Figure 5.1.b. Meanwhile, the corresponding 

equivalent circuit diagram is accordingly shown in Figure 5.1.c. 
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c 

Figure 5.1 a. Schematic of a pressure-driven EK energy conversion system consisting of a 

negatively charged capillary and two identical reservoirs. In this figure, the entrance/exit 

region specially means the partial reservoir region and the immediately connected partial 

capillary region. The inlet/outlet region means the partial reservoir region far away from 

the capillary. The radius and the length of the charged capillary are represented by a and L, 

respectively. The radius and the length of the reservoir are represented by ar and Lr, 

respectively. The cylindrical coordinate is employed in this capillary system with r and x 

respectively representing the radial direction and the axial direction. b. The extracted 2D 

axisymmetric domain corresponding to the capillary system adopted in current study. c. 

The equivalent circuit diagram corresponding to the real pressure-driven EK energy 

conversion system connected with an external electric circuit. Re,rl, Re,rr, Re,c, and Re,lo are the 

electric resistances of left reservoir, right reservoir, capillary and external electric load, 

respectively. ϕL and ϕR are the potentials at the left and the right ends of the capillary 

system. ϕl, and ϕr are the potentials at the left end and the right ends of the capillary. I is the 

current though the electric circuit. 

 

 For pressure-driven steady laminar EK flow, the governing equations, including 

Poisson equation, conservation equations of cation and anion species, conservation 

equation of mass and Navier-Stokes equation, are given as follows [19]: 

 2

0

k k

r

F z c


 
  


 (5.1) 

 0k k k
k k k

z Fc D
c D c
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 0 u  (5.3) 

 2

k kp F z c         u u u  (5.4) 

where the subscript ‘k’ represents the ion species including cation and anion species; c, z, 

D are the concentration, valence and diffusivity of ion specie, u is a velocity vector, ϕ(r, 

x) is the electric potential at a given location (r, x), ρ and η are fluid density and viscosity, 

T is temperature, p is pressure, F is the Faraday constant, R is the Universal gas constant, 

ε0 and εr are the permittivity of vacuum and the dielectric constant of the fluid. The 

dimensionless analysis is employed in this study due to its outstanding universality 

property compared to the dimensional analysis. In order to develop a dimensionless 

model for the pressure-driven EK flow in a capillary system, the following reference 

groups are introduced: characteristic length: Lref = a, reference concentration: cref = c0, 

reference potential: ref

RT

F
  , reference electric strength: 

ref

ref

ref

E
L


 , reference velocity: 

0 r ref

ref refu E
  


 , reference pressure: 

ref

ref

ref

u
p

L
 , reference charge density: 

0

ref

ref r

refL


   , reference electric current density: 

ref ref refi Fu c , reference electric 

conductivity of solution: 
ref ref

ref

ref

L i



 , reference electric resistance of solution: 

1
e

ref ref

R
L

 , Reynolds number Re
ref refu L


  and Péclet number Pe

ref ref

k

k

u L

D
 . 

Consequently, the governing equations above can be further deduced into the following 

dimensionless forms as: 
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22 1

2
k ka z c      (5.5) 

    2Pek k k k kc c z c    u  (5.6) 

 0 u  (5.7) 

    
22 1

Re
2

k kp a z c       u u u  (5.8) 

where the inverse of Debye length κ given by 

2

0

0

2

r

c F

RT


 
 . The overall term a  is 

defined as the inverse of the scaled Debye length, K. In addition to those dimensionless 

governing equations above, the dimensionless current density is given as: 

 21 1

Pe
k k k k k k

k k

z c z c z c
Pe

     i u  (5.9) 

where the three terms on the right-hand side of the equation are the convection current 

density, the diffusion current density and the migration current density, respectively. 

5.2.1.2 Boundary conditions 

 As shown in Figure 5.1.b, the 2D axisymmetric simulation domain, the fluid velocity 

components in radius direction and axial direction are u and v, respectively. All the 

boundary conditions are listed in Table 5.1. In this study, two kinds of electric status, the 

streaming potential 
str  status and the current-potential ( I  ) status are going to be 

investigated, which are commonly restrained by the Poisson equation and the respective 

specific boundary conditions to this governing equation. When solving the streaming 

potential, the zero potential gradient at the outlet is always employed by other research 

works based on assumption that the downstream reservoir is large enough to allow the 
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ion concentration gradient to be zero [29, 36, 40, 55]. However, they do not even 

investigate how big the reservoir could be reasonably assumed as large enough. In this 

study, we directly use the boundary condition of zero output current at the outlet to obtain 

the streaming potential. Substantially, the method proposed in this study is more accurate 

compared to the previous one since it confirms to the physical definition of the streaming 

potential and has no limitation to the size of reservoirs. When calculating the current-

potential relationships, the boundary condition at the outlet should be replaced by 

 0 00 str      . 

 

Table 5.1 Boundary conditions corresponding to the model employed in this study for a 

capillary system. 

BCs               GEs Poisson Eq. Ion species conservation Eq. Mass conservation Eq. N-S Eq. 

Channel wall 

(DE) s
r





 


 0kc

r





 0u v   

Inlet  

(AB) 
0   1kc   

0p p  

Outlet  

(GH) 
0 i  1kc   0p   

Reservoir wall-I 

(CD, EF) 
0

x





 0kc

x





 0u v   

Reservoir wall-II 

(BC, FG) 
0kc u v

r r r r

   
   

   
 

Central axis 

(AH) 

 

 All above is discussing about the case of energy conversion process in a capillary 

system which is relatively close to real EK system since it involves the connected 

reservoirs in the mathematical model. As already elaborated in the introduction section, 

the traditional theory studies the pressure-driven EK flow in a single capillary based on 

assumptions that the hydrodynamic flow in the capillary is fully developed Stokes flow 

and the ion concentration gradients are zero along the axial direction. However, once the 



 

 96 

reservoirs exist, the ion concentration distributions at the entrance and the exit regions 

will be dramatically affected by the abrupt contraction and expansion flow fields and the 

surface charges, inducing ion depletion and enrichment, i.e., IonCPs. Those IonCP 

phenomena will in turn influence the output potential and current. Consequently, in order 

to figure out the energy conversion performance difference between the capillary system 

and the single capillary, numerical simulations based on traditional theory for the 

pressure-driven EK flow through the single capillary are also conducted in the following 

section. 

5.2.2 Theoretical model for pressure-driven EK flow in a 

capillary 

 The extracted 2D geometry domain as shown in Figure 5.2 for studing the pressure-

driven EK flow through a single capillary is similar with that throguh a capillary system. 

The difference is that, the fictional reservoirs in this section are only employed to 

constrain the bulk ion concentration as unit, and they are not involved in calculations of 

the flow field and the induced electric field strength. 

 

 

Figure 5.2 The extracted 2D axisymmetric domain corresponding to the single capillary 

adopted in the traditional theory for pressure-driven EK flow. 
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5.2.2.1 Governing equations 

 The traditional theory of the pressure-driven EK flow through a single capillary is 

developed based on following assumptions: (1) the potential   due to the EDL is only a 

function of r , i.e.,  r  ; (2) the electric potential  ,r x  at a given location  ,r x  

is the superposition of the potential due to the induced potential gradient 
xE  and the 

potential due to the capillary surface charge  r , i.e.,    , xr x r xE   ; (3) there is 

no ion concentration gradient along the axial direction, i.e., 0kc x   ; (4) the EK flow 

in the capillary is regarded as steady, unidirectional and fully developed, i.e., Stokes 

flow. Then the governing equations are given as follows: 

  
22 1

2
k ka z c      (5.10) 

  20 k k kc z c     (5.11) 

 0 u  (5.12) 

  
22 1

0
2

x k kp a E z c    u  (5.13) 

 Since the ion concentration gradient along the axial direction is zero, the 

dimensionless current density is then simplified as: 

 2 1

Pe
k k x k k

k

z c E z c  i u  (5.14) 

 The potential due to the capillary surface charge,  r , and the ion concentration 

distributions, 
kc , are firstly solved by Eq. (5.10) and Eq. (5.11), both of which act on the 

whole domain including the charged capillary and the fictional reservoirs. Then the 

unidirectional flow field and the induced electric field strength are solved by Eq. (5.12) 
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and Eq. (5.13) in cooperating with the pre-solved ion concentration distributions. The 

latter numerical step only acts on the charged capillary domain. Similarly, when the 

target is to solve the streaming potential, defined as 
StrLE , an additional governing 

equation that the overall current is zero, namely 0 i , should also be included into the 

mathematical model. Once the induced streaming potential gradient is obtained, the 

current-potential curve can be thereby achieved by applying series of electric filed 

strengths, confirming to the relationship of 0 x StrE E  , to the volume force term of the 

Stokes equation. 

5.2.2.2 Boundary conditions 

 As for the boundary conditions, since the traditional theory treats the pressure-driven 

EK flow in the single capillary as fully developed unidirectional flow, the first problem 

for numerical simulation to overcome is how to achieve such kind of flow through some 

simulation tricks. As known that, the entrance length is the length within a duct or tube 

after which the velocity profile is no longer varies in the flow direction. For laminar flow, 

the entrance length Le is usually defined as 0.12 ReeL a  with a representing the 

channel radius [147]. In order to get a fully developed velocity profile within the 

capillary region, an entrance length is set at the inlet boundary to define a fictional 

entrance length outside the capillary domain. Here, the entrance length value must be not 

only greater than the aforementioned entrance length to fulfill the velocity profile 

requirement but also as low as possible to make sure the pressure is not significant 

affected by the extended fictional channel length outside of the capillary domain. As 

calculated, the Reynolds number here is about 4.7 × 10
-4

, thus the scaled entrance length 
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eL , i.e., Le/a, should be at least larger than 0.12Re which is approximated as 0.6 × 10
-4

. 

The same requirement to the exit length should also be fulfilled here. Based on numerical 

simulation results, the entrance and the exit lengths at the inlet and the outlet boundaries 

are finally determined as 2. In addition, the other boundary conditions are completely 

listed in Table 5.2. 

 

Table 5.2 Boundary conditions corresponding to the model employed in traditional theory 

for a single capillary. 

BCs               GEs Poisson Eq. Ion species conservation Eq. Mass conservation Eq. Stokes Eq. 

Channel wall 

(DE) s
r





 


 0kc

r





 0u v   

Left end 

(AB) 

Zero 

potential
 1kc   

/ 

Right end 

(GH) 

Zero 

potential
 1kc   

Reservoir wall-I 

(CD, EF) 
0

x





 0kc

x





 

Reservoir wall-II 

(BC, FG) 
0kc

r r

 
 

 
 

Central axis 

(AH) 

Inlet  

(DI) 

/ 

0p p
 
and

 
2entranceL   

Outlet  

(EJ) 
0p 

 
and

 
2exitL   

Central axis 

(IJ) 
0

u v

r r

 
 

 
 

 

5.2.3 Numerical procedure 

 In this work, both of those two models were solved based on numerical methods 

without any approximations or simplifications as adopted in traditional analytical 

solutions, which obviously makes the simulation results from both models much more 

comparable and reliable. Numerical simulations were performed by using a commercially 
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available finite element software, Comsol Multiphysics 4.3b (Comsol Inc., Sweden), with 

coupling four build-in modules. One Electrostatics module was used to solve electric 

potential distribution, two Transport of Dilute Species modules were used to solve the ion 

concentration distributions and one Laminar Flow module was used to solve the fluid 

velocity filed. The stationary solver with automatic highly non-linear (Newton) method 

was employed along with relative convergence tolerance of 10
-6

 and maximum iterations 

of 50. Mesh independence were also tested for all simulations. The computation 

processes were conducted on an Inter (R) Xeon (R) CPU E5-2643 0 @ 3.30 GHz, 128 

GB random access memory computer. 

5.3 Results and discussion 

 In this study, KCl electrolyte solution is employed as the working fluid to generate 

the EK flow. The temperature T, density ρ, viscosity η, and relative dielectric constant εr 

of the electrolyte solution are provided as 298 K, 10
3
 kg m

-3
, 10

-3
 Pa s, and 80, 

respectively. The valences of K
+
 and Cl

-
 are 1 and –1, and the ionic diffusion coefficients 

are 1.957 × 10
-9

 m
2
 s

-1
 and 2.032 × 10

-9
 m

2
 s

-1
, respectively. In addition, the other 

constant parameters involved in simulations are given as: F = 9.649 × 10
4
 C mol

-1
, R = 

8.314 J K
-1

 mol
-1

 and ε0 = 8.854 × 10
-12

 C m
-1

 V
-1

. Furthermore, the dimensionless sizes 

of the charged capillary and the connected reservoir are fixed at a × L = 1 × 50 and ar × 

Lr = 50 × 50. 

 In order to verify the correctness of the proposed simulation methods for the 

pressure-driven EK flow within a capillary system, the streaming potentials obtained 

from the present simulation method and the previously reported simulation method [55] 
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are compared as shown in Figure 5.3. All simulation conditions for both simulation 

methods are same except the boundary condition at the outlet for Poisson equation. 

Particularly, the potential gradient at the outlet is set as zero for the previously reported 

simulation method, while the current at the outlet is set as zero for the current simulation 

method. Compared to the previous simulation method, the advantage of the current 

simulation method is that it has no limitation on the reservoir sizes and thus possesses 

higher general applicability. This figure shows that, the streaming potentials obtained 

from both simulation methods always agree with each other under various given 

conditions. Therefore, it is reasonably concluded that the simulation method proposed in 

this study could provide valid and correct numerical predictions to the pressure driven 

EK flow.  

 

 

Figure 5.3 Comparison between the streaming potentials obtained from the present 

simulation method and the previously reported simulation method [55]. 
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 Based on the verified numerical method, energy conversion processes of the pressure 

driven EK flow through a capillary system and through a single capillary are 

comparatively studied in this section. Inner characteristics of the capillary system are 

investigated in the first subsection, including the distributions of the induced potentials, 

the ion species and the electric conductivities. As a kind of novel power source, studies 

on terminal characteristics, mainly including the overall electric resistances, the 

streaming potentials (i.e., open-circuit potentials), the maximum streaming currents, as 

well as the current-potential curves, under different operation conditions obviously are 

the most essential aspects since those terminal characteristics pave the way for real 

applications. Therefore, the terminal characteristics of both the capillary system and the 

single capillary are comparatively studied in the following three subsections. Meanwhile, 

the relationships between the inner and the terminal characteristics of a capillary system 

are also simultaneously investigated through analyzing the various induced IonCPs. 

5.3.1 Distributions of potential, ion species and electric 

conductivity 

 In order to make clear what essentially happen behind the non-linear property of the 

current-potential curves for a capillary system, inner distributions of the induced 

potentials, the ion species and the electric conductivities at the zero potential status, the 

zero current status and the intermediate status should be investigated first. As simulated 

in this study, under given conditions of surface charge density of –6, Debye length of 1 

and applied pressure of 6000, the streaming potential is numerically calculated as 104.06. 

The maximum streaming current is obtained when the output potential equals zero. In 
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addition to these two statuses, an intermediate status with an output potential of 52.03 in 

between 0 and 104.06 is also investigated. The distributions of the induced potentials, the 

ion species and the electric conductivities at those three statuses mentioned above are 

summarized as shown in Figure 5.4. 

 It is seen from the potential distributions as shown in Figure 5.4.a-d that, at low 

output potential such as 0 or 52.03, the potential within the capillary system decreases 

sharply to a negative value at the entrance region. This is because that, at this region, the 

absolute value of the potential due to the negative surface charge 
s  is larger than that of 

the induced potential here. In addition, the potential variations within the reservoirs are 

relatively smaller compared to that within the charged channel. Furthermore, the potential 

within the charged channel almost linearly increases with increasing the axial position. 
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Parameter 

 

Status of 

Potential   Net charge 
k kz c  Electric conductivity 2 1

k k

k

z c
Pe

   

Zero 

potential 

(0) 

   

Intermediate 

potential 

(52.03) 

   

Streaming 

Potential 

(104.06) 

   

Distribution 

along 

central axis 

   
 

Figure 5.4 Distributions of the induced potentials, the net charges and the electric conductivities in the capillary system under given conditions of 
s  = –6, 

K = 1 and 
0p  = 6000. 
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 In order to study the current property of this battery system, the component factors, 

including the net charge distribution and the electric conductivity distribution should be 

investigated first. It is because that, according to Eq. (5.9), the term of net charge is 

related with the convection current density and the term of electric conductivity is related 

with the migration current density. There is also a current term in Eq. (5.9) named as 

diffusion current density. However, the effects of this term to the overall current can be 

reasonably neglected since, according to both the surface distributions and the axial 

distribution of net charge as shown in Figure 5.4.e-h, there is almost no net charge 

gradient along axial direction except the entrance and the exit regions. Besides, it also 

shows that the net charges within the charged channel are much higher than that in 

reservoirs, and for a certain pressure, the net charges within the charged channel perform 

quite close with each other at any output potential. Those findings prove that the net 

charge distribution is mainly influenced by the surface charge rather than the induced 

output potential. 

 For the investigation of the electric conductivity as shown in Figure 5.4.i-l, since it is 

much related to concentrations of all ion species rather than concentration of the single 

ion species or the net charge, concentration distributions of cations and anions are also 

provided here as shown in Figure 5.5 to facilitate the conductivity analyses. The ion 

concentration distributions reveal that, although slightly ion enrichment and depletion 

appear at the entrance and the exit regions for open-circuit status, significant ion 

depletion and enrichment happen at the entrance and the exit regions for almost all other 

closed-circuit status. Particularly, the lower the output potential is, the more serious the 

IonCP is. All distributions of net charge concentration, ion species concentration and 
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conductivity clearly show that, the distributions of conductivity share the similar trends 

with that of electroneutral solution in the reservoir regions but another kind of similar 

trends with that of the net charge in the main capillary region. This is mainly because 

that, compared to the net charge concentration in the reservoir region, the conductivity is 

almost only sensitive to the overwhelming electroneutral solution concentration. 

However, in the capillary region, the sharply increased concentration of net charge, 

appearing in positive status to balance the negative surface charges, contributes the most 

to the greatly increased conductivities compared to the electroneutral solution. Those 

distribution trends can be further concluded that, the conductivity is dominated by the 

electroneutral solution in the reservoir region and by the net charge in the capillary 

region. 

 

 

Figure 5.5 Distributions of positive and negative ions along central axis under conditions of 

s  = –6, K = 1 and 
0p  = 6000. 
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 The results above are the commonly investigated aspects about the pressure-driven 

EK flow through a capillary system. In addition to those studies on the direct inner 

distributions, it is even meaningful to study the potential and the current supplied to the 

external electric circuit. Taking the output potential of 52.03 under conditions of 
s  = –

6, K = 1 and 
0p  = 6000 as an example, the potential and the current distributions along 

axial direction are shown in Figure 5.6. Here, for a certain axial position, the potential is 

the average potential of that cross-section and the current is the area integration of the 

current density of that cross-section. It is seen from this figure that the average potential 

distribution along the axial direction is similar with the potential distribution along the 

central axis, and the overall current along the axial direction is constant although the 

current components, including the convection current, the diffusion current and the 

migration current, dramatically fluctuate at the entrance and the exit regions. For the 

reservoir regions, the convection current and the diffusion current are almost zero while 

the migration current has a comparatively higher positive value. Therefore, the overall 

current is dominated by the migration current in those regions. However, for the main 

charged capillary region, the magnitude of the forward convection current is larger than 

that of the backward conduction current, giving rise to an overall forward current. 

Generally, both the convection current and the migration current contribute the most to 

the overall current of this energy conversion system. Besides, it is also found that the 

potential variations within the reservoirs are fairly insignificant, which implies that the 

existing reservoirs itself almost have no effect on the output potential. 
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Figure 5.6 The potential and the current distributions along axial direction at the output 

potential of 52.03 under conditions of 
s  = –6, K = 1 and 

0p  = 6000. Here, for a certain 

axial position, the potential is the area-weighted average potential and the current is the 

area integration of the corresponding current density at that cross-section. 

 

5.3.2 System resistance and non-linear property of current-

potential curve 

 As evidently shown in Figure 5.4.l, the axial distributions of the electric conductivity 

of solution, significant variations appear in both capillary and reservoir regions along 

with increasing the output potential. Consequently, even larger overall electric resistance 
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-30

0

30

60

-500

-250

0

250

500

0 50 100 150 200

P
o
te

n
ti

a
l

C
u

rr
en

t

x/a

I_con

I_diff

I_mig

I_overall

ϕ_aver

-25

-20

-15

-10

-5

0

-300

-150

0

150

300

40 45 50 55

Entrance

47

49

51

53

-500

-250

0

250

500

145 150 155 160

Exit



 

 109 

essential thing is that, the overall resistance directly influences the output potential. 

Therefore, it is important to investigate this property parameter, the overall resistance 

,e sysR , to further evaluate the energy conversion system. 

 As the capillary system is equivalently treated as a battery, the overall electric 

resistance of this system 
,e sysR  is composed of electric resistances of two reservoirs, 

,e rlR  

and 
,e rrR , and electric resistance of charged channel, 

,e cR . Since these three electric 

resistances are connected with each other in series, a relationship of electric resistance is 

obtained as: 

 
, , , ,e sys e rl e c e rrR R R R    (5.15) 

 Although the whole system bears non-uniform conductivity, the charged capillary 

domain and the reservoir domains share the same integration element as shown in Figure 

5.7. 

 

 

Figure 5.7 The integration element of a cylindrical volume filled with electrolyte solution. 
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 It is assumed that the electric conductivity within the integral hollow-cylinder-

shaped infinitesimal is constant. Then the electric resistance of one typical integration 

element is given as: 

 ,

1

2
e dr

dx
dR

rdr 
  (5.16) 

 For a given length of the infinitesimal hollow cylinder dx , it is assumed all the n 

concentric integration elements are connected with each other in parallel. Then, based on 

Ohm’s law, the overall electric resistance of a slice of cylinder, 
edR , i.e., length 

resistance, calculated as: 

 
0 0 0

,

1 1 1 2 1
2

1

2

a a a

n
e e dr

rdr
rdr

dxdR dR dx dx

rdr

 
 

 

        (5.17) 

which is further deduced into the following form: 

 

0
2

e a

dx
dR

rdr 



 (5.18) 

 In addition, all the m slices of cylinder are reasonably assumed to be connected in 

series. Then the overall resistance for a complete cylinder is finally obtained as: 

 
0 0

0 0

1

2 2

L L

e e a am

dx
R dR dx

rdr rdr   
    

 
 (5.19) 

 All resistances of the capillary and the reservoirs can be readily achieved by this 

equation. And then, the overall resistance of the capillary system is achieved by summing 

up all resistances of the capillary and the two reservoirs according to Eq. (5.15). As clear 

shown by Eq. (5.19), the resistance of a resistor is not only related with conductance per 

volume, but also related with the cross-section area and the length of the resistor. 

Particularly, it is in reversal proportions to the electric conductance and the cross-section 
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area but in direct proportion to the length. For the capillary system, although there is 

significant electric conductivity variation along the central axis as shown in Figure 5.4.l, 

the cross-section area of reservoir is extremely larger than that of the capillary, which 

ultimately gives rise to the almost zero length resistance in the reservoir regions and the 

relatively high length resistance in the capillary region as shown in Figure 5.8. Exactly, 

the calculation about the overall resistance shows that, much more than 99.5% of the 

electric resistance of the capillary system is from the electric resistance of the capillary 

for all cases. In addition, for the case of with IonCP, the length resistances in the capillary 

region are significantly enlarged at the two ends of the capillary but almost the same with 

that for the case of without IonCP in between the entrance and the exit regions. This is 

mainly because that, compared to the traditional theory with zero ion concentration 

gradient along axial direction, the existing reservoirs in a capillary system, cooperating 

with the capillary surface charges, greatly affect distributions of cations and anions, 

inducing non-zero ion concentration gradients along axial direction at the entrance and 

the exit regions, i.e., aforementioned IonCP phenomena. While, the ion concentrations 

for both cases are almost the same in between the entrance and the exit regions due to the 

identical surface charge density. Therefore, it is just those IonCP phenomena giving rise 

to the dramatic fluctuations of length resistance at the entrance and the exit regions, and 

the reservoir itself almost has no effect on the overall resistance. Although Chang and 

Yang have already realized that the existing reservoirs indeed have great influences on 

the generated powers and the energy conversion efficiencies, their analysis, based on 

many theoretical simplifications and approximations, simply attributed those influences 

to the resistances from reservoirs rather than the induced IonCPs within the entrance and 
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the exit regions [55]. However, this numerical study, without any simplification and 

approximation, thoroughly demonstrates that the induced IonCPs and the significant 

variations of the capillary resistance due to the IonCPs are the essential causes for the 

reduced energy conversion performance rather than the resistance from the reservoirs. 

 

 

Figure 5.8 Variations of the length resistance along the axial direction calculated at the half 

of streaming potentials under common preconditions of 
s  = –6, K = 1 and 

0p  = 6000. 
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the positive deviation degree of the length resistance. Therefore, the decreasing output 

potential gives rise to higher and higher deviation of length resistance and thus creates 

ascending overall electric resistance. Due to those resistance variations, the 

corresponding current-potential curves are also simultaneously affected. 

 The overall resistances and the corresponding current-potential curves for both cases 

of with IonCP and without IonCP are fully exhibited in Figure 5.9.d-l under different 

conditions of various 
0p , various 

s  and various K. All those figures are also share other 

common features that, for the case of without IonCP phenomena, i.e., traditional theory 

with only a single capillary domain, the overall resistances for all conditions are stable at 

a certain value no matter how the output potential changes and the corresponding current-

potential curves linearly vary with the output potential; however, for the case of with 

IonCP phenomena, i.e., theory provided in this study with a capillary and two connected 

reservoirs, the overall resistances increase and the corresponding current-potential curves 

non-linearly increase with decreasing the output potential. The essential reason for those 

findings is that, according to Eq. (5.19), the overall electric resistance is a function of 

concentrations of ion species and geometry. For a given geometry with a certain surface 

charge density, the distributions of all ion species within the domain are invariable for the 

case of without IonCP phenomenon but significantly influenced by the varying output 

potential for the case of with IonCP phenomenon, especially at the entrance and the exit 

regions. Therefore, with decreasing the output potential, the overall resistances are stable 

at a certain value for the case of without IonCP but increase for the case of with IonCP. 

As for the current-potential curves, it is necessary to look back to the current expressions. 

For the case of a single capillary, the current, given by Eq. (5.14), is always a linear 
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function of the output potential. However, for the case of a capillary system, the current, 

given by Eq. (5.9), is a complex function of output potential since both the ion 

concentration distributions and the velocity field are also directly restrained by the 

varying output potential. But on the whole, the decreasing output potential definitely 

gives rise to more serious IonCPs, which more significantly hinders the current flux, 

inducing a much lower output current compared to that of the traditional theory. 

 In addition to the common features elaborated above, the particular effects of each 

parameter on the resistance and the current-potential curve are also explored as follows. 

The pressure effect on the overall electric resistance is shown in Figure 5.9.a and on the 

current-potential curves for selected 
0p  of 10, 3000 and 6000 are shown in Figure 5.9.d-

f. It is observed that, under conditions of a given 
s  of –6 and a given K of 1, the higher 

the applied pressure is, the larger the resistance variation is. It is because that, with 

increasing the applied pressure from 10 to 6000, the velocity fields at the entrance and the 

exit regions also get more dramatic variations, which, in turn, expand the IonCP regions. 

Those anabatic IonCP regions will make ion species passing through capillary system 

even harder, giving rise to larger variation of the overall resistance and reduced output 

current. 
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Figure 5.9 Variations of the overall electric resistance with the applied pressure 
0p  (a), the surface charge density 

s  (b) and the inversed 

Debye length K (c) for a capillary system. Variations of the overall resistance and the corresponding current-potential curve under 

different conditions of various 
0p  (d-f), 

s  (g-i) and K (j-l). 
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 The surface charge density effect on the overall electric resistance is shown in Figure 

5.9.b. It is observed that, not like the pressure effect with great variations in the overall 

resistance, the varying surface charge density obviously influence the overall level of the 

resistance at conditions of a given 
0p  of 6000 and a given K of 1. Particularly, the overall 

resistance becomes less and less along with increasing the absolute value of surface 

charge density and almost reaches a plateau when the surface charge density is beyond –

10. As known that, the negatively charged capillary attracts cations and repels anions, 

generating an overall positively charged space near the surface. Obviously, compared to 

the case of capillary with small absolute value of surface charge density, more ions, 

including both cations and anions, accumulate near the capillary surface with large 

absolute value of surface charge density to counterbalance the surface charges, which 

gives rise to higher solution conductivity and ultimately leads to lower overall electric 

resistance. The surface charge density effect on the current-potential curves at three 

selected surface charge densities of –1, –4 and –10 are shown in Figure 5.9.g-i. Although 

the overall resistance at lower absolute value of surface charge density is generally higher 

than that at higher absolute value of surface charge density, the capillary with higher 

absolute value of surface charge density acts much more like a unipolar of cations which 

greatly facilitates the passage of cations but hinders the anions passing through. 

Therefore, much more serious IonCP phenomena will happen at the entrance and the exit 

regions of capillary with higher absolute value of surface charge density, which, as 

already proved, will ultimately generate larger variation of overall resistance, leading to 

much more serious non-linear curves. 
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 Finally, at conditions of a given 
0p  of 6000 and a given 

s  of –6, the inversed 

Debye length effect on the overall electric resistance is shown in Figure 5.9.c and on the 

current-potential curves for selected K of 0.5, 2 and 10 are shown in Figure 5.9.j-l. Along 

with increasing the K from 0.5 to 10, the variations of the overall resistance becomes 

smaller and smaller, and the overall level of resistance is higher and higher. At low K, 

taking K = 0.5 as an example, the EDL significantly overlaps within the charged 

capillary, generating a unipolar of cations. In this situation, more and more serious IonCP 

phenomena happen with the descending output potential, leading to larger variation of the 

overall resistance. Therefore, the corresponding current-curve becomes seriously non-

linear as shown in Figure 5.9.j. On the contrary, at high K, taking K = 10 as an example, 

the capillary almost has no capacity of selecting ions since the EDL, located just near by 

the capillary surface, is quite thin. All cations and anions can easily pass through this 

capillary, inducing almost no IonCP phenomena at the entrance and the exit regions. 

Therefore, the overall resistance of the capillary system maintains almost constant for all 

output potentials and an almost linear current-potential curve is thus created at K = 10. 

 In general, the applied pressure mainly affects the variation amplitude of the overall 

resistance, the surface charge density mainly affects the fiducial value of the overall 

resistance and the EDL thickness affects the overall resistance on both aspects. And the 

non-linear property of current-potential curve wholly dependents on the variation 

amplitude of the overall resistance, specially, larger variation of overall resistance gives 

rise to larger extent of non-linear curves. 

 According to the traditional theory with linear current-potential curve, the maximum 

output power occurs at the half of the streaming potential where the current is just the 
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half of the maximum streaming current [36, 55]. However, it is another story for the 

capillary system with IonCP phenomena. As afore elaborated, significant non-linear 

current-potential curves are found within the capillary system, especially for conditions 

of high applied pressure, high surface charge density and small inversed Debye length. 

Thus, it is hard to theoretically predict the maximum output power for the capillary 

system with complex IonCP phenomena. In the following two sections, in addition to the 

comparison studies on the streaming potential and the maximum streaming current, the 

comparison study on the maximum output power is also conducted to further investigate 

the performance properties of the pressure-driven EK flow though a single capillary and 

through a capillary system. 

5.3.3 Effects of applied pressure 

 The effects of the applied pressure on terminal characteristics of the streaming 

potential, the maximum streaming current and the maximum power under the condition 

of K = 1 are respectively shown in Figure 5.10.a-c. Those figures also show comparisons 

between the cases of without IonCP and with IonCP. The detailed effects on each 

parameter are elaborated as follows. 
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Figure 5.10 Effects of the applied pressure on the streaming potential (a), the maximum 

current (b) and the maximum power (c) under the condition of K = 1. 

 

 Effects of the applied pressure on the streaming potential shown in Figure 5.10.a 

reveal that, the streaming potentials for both cases of without IonCP and with IonCP at a 
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that, the streaming potential is achieved at the condition of zero output current. In this 

situation, the streaming potential is a function of axial velocity and ion concentrations. As 

for the case of without IonCP, since the ion concentration distributions for a given 

surface charge density do not vary at any pressure, the electric body force imposed by the 

free ions on the velocity field also does not vary with applied pressure and thus the 

velocity field should be a linear rise function of the ascending applied pressure. 

Consequently, the streaming potential linearly increases with increasing the applied 

pressure for the case of without IonCP at any given surface charge density. In addition, at 

zero current status, only slightly IonCPs happen within the capillary system as shown in 

Figure 5.5, which gives rise to the relatively similar trends with that for the case of 

without IonCP, i.e., almost linear variation of the streaming potential with the applied 

pressure. 

 Effects of the applied pressure on the maximum streaming current as shown in 

Figure 5.9.b display that, the streaming currents for the case of without IonCP linearly 

increases with increasing the applied pressure, and the streaming currents for the case of 

with IonCP also increase with increasing the applied pressure, but with slower speed. It is 

essentially on account of that the maximum streaming current is achieved when the 

output potential is zero. According to Eq. (5.9) and Eq. (5.14), the migration current, in 

the opposite direction of the streaming current, is zero and thus the maximum streaming 

current is only function of concentrations of ion species and axial velocity. 

Concentrations of ion species under conditions of a given surface charge density and a 

given EDL thickness are not influenced by the varying flow field for the case of a single 

capillary, but significantly affected for the case of a capillary system. Particularly, the 
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higher the applied pressure is, the more serious the nonuniformity of the concentrations 

of ion species at the entrance and the exit regions is and thus the larger the negative effect 

on the current flux is. Consequently, the maximum streaming current for the case of a 

single capillary without IonCP effect is only a function of axial velocity, which linearly 

increases with the growth of the applied pressure. But for the case of a capillary system 

with IonCP effects, the maximum streaming current is indeed a complex function of the 

applied pressure, specifically, increasing with the growth of the applied pressure with a 

slower speed. 

 Effects of the applied pressure on the maximum output power as shown in Figure 

5.10.c tell that, the maximum output powers for both cases at a certain surface charge 

density monotonously increase with the growth of the applied pressure but the speed is 

relatively low for the case of with IonCP. As predicted by traditional theory, the 

maximum output power increases with increasing the applied pressure in a parabolic 

speed since both the streaming potential and the maximum streaming current are linear 

increasing functions of the applied pressure and also the current-potential curve is linear. 

However, for the capillary system, although the maximum output power generally 

increases with increasing the applied pressure, more energy is also dissipated at the 

entrance and the exit regions due to the existing IonCPs. Therefore, the growth of the 

maximum output power with increasing the applied pressure for the case of with IonCP is 

relatively slower compared to that for the case of without IonCP. 

5.3.4 Effects of surface charge density 

 The effects of the surface charge density on parameters including the streaming 

potential, the maximum streaming current and the maximum power under the condition 
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of 
0p  = 6000 are respectively shown in Figure 5.11.a-c. Those figures also show the 

comparisons between the cases of without IonCP and with IonCP. One common feature 

is that, for both cases of without IonCP and with IonCP, the lower K always gives rise to 

higher performance. As known that, the inverse Debye length, K, defined as the ratio of 

the capillary radius to the EDL thickness, represents the distribution region of EDL. 

Meanwhile, at a given applied pressure, the general axial velocity profile of the cross-

section of the capillary is much like a paraboloid, i.e., the velocity is highest at the center, 

but becomes smaller and smaller along with increasing the radius, and finally reaches 

zero at the capillary wall. For lower K such as K = 1, the positively charged EDL region 

fills in all the capillary space. As the K increases from 1, the EDL shrinks within a 

thinner and thinner region in the vicinity of the capillary surface. Although the space 

charge density within the EDL region for a given surface charge density becomes larger 

due to the thinner shrinking EDL, the velocity field there is smaller, giving rise to less 

contribution to the overall energy conversion process. Therefore, it is concluded that the 

lower K value always leads to higher energy conversion performance for both cases. The 

detailed effects on each parameter are elaborated as follows. 
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Figure 5.11 Effects of the surface charge density on the streaming potential (a), the 

maximum current (b) and the maximum power (c) under the condition of 
0p  = 6000. 
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 Effects of the surface charge density on the streaming potential as shown in Figure 

5.11.a reveal that, with increasing the surface charge density, the streaming potentials for 

both cases of without IonCP and with IonCP at a given EDL thickness perform fairly 

close with each other, and both increase first and then decrease for smaller K such as 0.5, 

1 or 2 but monotonously increase for larger K such as 5 or 10. The essential reason for all 

of those trends can be reasonably tracked back to the definition of streaming potential. As 

well known, the streaming potential is obtained when the overall output current is zero. In 

this case, the overall resistance of a capillary system at a given EDL thickness is 

relatively close with that of a single capillary for any given surface charges since the 

discrepancy of concentration distributions of ion species for both cases is not significant. 

Therefore, the variation of streaming potentials with surface charge density for both cases 

of without IonCP and with IonCP at a given EDL thickness performs quite close with 

each other. In addition, as already concluded, the diffusion current only has little effect 

on the overall current for the case of with IonCP and thus the streaming potential for this 

case, similar with that for the case of without IonCP, is almost only a function of 

velocity, net charge and conductance. Therefore, the variations of those three influencing 

factors with the changing surface charge density at a given applied pressure and a given 

EDL thickness are the essential causes to the variation trends of streaming potential. For 

the thick EDL, taking K = 1 as an example, both cations and anions co-exist within the 

overlapped EDL and the space within the capillary is positively charged everywhere. 

With increasing the surface charge density within the range of from 0 to 1.5, more cations 

are attracted and more anions are repelled, which gives rise to increments in both net 

charge and conductance. However, the increment in net charge is faster than that in 
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conductance which induced a faster increment in the streaming current term. Therefore, 

the streaming potential rises with the growth of the surface charge density when the 

surface charge density is lower than 1.5. When the surface charge density continuous 

increases after 1.5, most of the cations become more and more tightly attracted within the 

thin layer in the vicinity of the charged capillary surface by the electrostatic force, which 

indeed do not contribute to the streaming current as much as the case of before 1.5. But 

the conductance still increases as much as the case of before 1.5. Consequently, the 

induced streaming potential begins to decline after the surface charge density of 1.5. For 

the thin EDL, taking K = 10 as an example, the positively charged EDL region only 

accumulating within a thin layer in the vicinity of the capillary surface. With increasing 

the surface charge density from 0 to 10, the streaming current term is almost linearly 

increases but, compared to the variation of streaming current term, the electric 

conductivity only slightly increases. Therefore, the final streaming potential for higher K 

of 10 monotonously increases with the ascending surface charge density. 

 Effects of the surface charge density on the maximum streaming current as shown in 

Figure 5.11.b display that, at given applied pressure and EDL thickness, the maximum 

streaming currents for both cases increase with the increment of the surface charge 

density. The same, the reason for those variation trends should also be tracked back to the 

definition of the maximum streaming current which exactly is the convection current 

induced by the pressure-driven flow though a charged capillary at zero output potential. It 

is only a function of concentrations of ion species and axial velocity. At a given applied 

pressure, the flow field for capillary with any given surface charge density almost does 

not vary. In addition, for a given K, the increment in surface charge density always gives 
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rise to more net charges gathering in the EDL region and thus creates increased 

maximum streaming currents for both cases. However, with increasing the surface charge 

density, most of those increasing cations closely gather on the surface of the charged 

capillary due to the electrostatic force, contributing less to the increment of the maximum 

streaming current. Therefore, the increment speeds of the maximum streaming current 

with increasing the surface charge density are lower for both cases. As for the larger K, 

such as 2, 5 or 10, the entire EDL is constrained within a thin region near the capillary 

surface where the axial velocity is considerably small. Meanwhile, the negative effects of 

the IonCPs on the maximum streaming current for the case of with IonCP can also be 

reasonably neglected due to that both cations and anions can easily pass through the 

capillary system. Thus, maximum streaming currents for both cases are significantly 

small and perform quite close with each other. As for the smaller K, such as 0.5 or 1, the 

serious IonCPs at the entrance and the exit regions within a capillary system significantly 

reduce the increment of the maximum streaming current when increasing the surface 

charge density, inducing larger discrepancy of the maximum streaming currents between 

those two cases. 

 Effects of the surface charge density on the maximum output power as shown in 

Figure 5.11.c tell that, for the case of without IonCP at any K, the maximum output 

power always increases with the increment of surface charge density with a lower speed, 

especially for smaller K. This is because that, for a single capillary under a given applied 

pressure, although more effective cations are involved in the energy conversion process 

when increasing the surface charge density, more cations are closely attached on the 

capillary surface at the same time and thus contributes less to the output energy. 
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However, for the case of with IonCP, similar trend can only be found at higher K such as 

2, 5 or 10. This is mainly due to that, at high K, only slight IonCPs happen within the 

capillary system, which makes the energy conversion process within a capillary system 

much similar with that within the single capillary. Therefore, the maximum output 

powers at higher K such as 2, 5 or 10 perform quite close with each other. For smaller K 

such as 0.5 or 1, the maximum output powers increase first and then decrease along with 

increasing the surface charge density. This is mainly attributed to the energy losses at the 

IonCP regions. Taking K = 0.5 as an example, more serious IonCP phenomena are 

induced by further increasing the surface charge density after 
s  = –3, especially for 

relatively lower K and thus more energy is required there to overcome the increased 

resistant force at those regions. Finally, the maximum output power descends along with 

increasing the surface charge density. 

5.4 Summary 

 A systematic comparison study was numerically conducted to investigate the IonCP 

effects on the energy conversion performances of the pressure-driven EK flow in a 

capillary system. The method of dimensionless analysis for both cases of with IonCP and 

without IonCP was adopted in this study since it is much more generic for a series of 

operation conditions fitting for a particular dimensionless relationship. The simulation 

process was improved by setting the output current rather than the output potential 

gradient as zero at the outlet when solving the streaming potential. In addition to the in-

depth analysis on the inner characteristics, including distributions of the induced 

potentials, the ion species and the electric conductivities, investigations on the terminal 
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characteristics, mainly including the overall electric resistances, the streaming potentials 

(i.e., open-circuit potentials), the maximum streaming currents as well as the current-

potential curves, are also conducted. Collectively, all the results and discussion provide 

comprehensive evaluation on the performance of the pressure-driven EK energy 

conversion system and, simultaneously, pave the way for further real applications. The 

main research findings are concluded as follows: 

1. The existing reservoirs, together with the capillary surface charge, give rise to various 

IonCPs at the entrance and the exit regions within a capillary system; 

2. For the case of with IonCP, the applied pressure 
0p  mainly affects the variation 

amplitude of the overall resistance, the surface charge density 
s  mainly affects the 

fiducial value of the overall resistance and the inverse Debye length K affects the 

overall resistance on both aspects. In addition, the non-linear property of current-

potential curve wholly dependents on the variation amplitude of the overall 

resistance, specially, larger variation of overall resistance gives rise to significant 

non-linear curves; 

3. The terminal characteristics, including the streaming potential, the maximum current 

and the maximum power, monotonously increase with the applied pressure 
0p  but 

complicatedly vary with the surface charge density 
s . In general, however, 

influencing factors, including the applied pressure 
0p , the surface charge density 

s  

and the EDL thickness, with lager value give rise to much more serious IonCPs and 

thus induce more energies being consumed to overcome the negative effects from 

IonCPs, and finally lead to much more reduced energy conversion performance 

compared to the traditional theory without IonCPs; 
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4. It is those IonCPs that induce a series of discrepancies in the overall electric 

resistance, the streaming potential, the maximum streaming current and the maximum 

output power from the traditional theory results while the properties of reservoir 

almost have no effect on the terminal characteristics. 
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Nomenclature 

a  Channel radius [m] 

ck  Concentration of the ion species k [M] 

Dk  Diffusivity of ion species k [m
2
 s

-1
] 

E  Streaming potential gradient [V m
-1

] 

F  Faraday constant [C V
-1

] 

i  Current density [A m
-2

] 

I  Current [A] 

L  Length [m] 

p  Pressure [Pa] 

Pe  Péclet number [-] 

R  Universal gas constant [J K
-1

 mol
-1

] 

Re  Reynolds number [-] 

Re  Electric resistance [Ω] 

T  Temperature [K] 

u  Velocity [m s
-1

] 

zk  Valence of the ion species k [-] 

 

Greek symbols 

ε  Permittivity of material [C m
-1

 V
-1

] 

ε0  Permittivity of vacuum (free space), 8.854 × 10
-12

 [C m
-1

 V
-1

] 

εr  Relative dielectric constant [-] 
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ζ  Zeta potential [V] 

η  Dynamic viscosity [kg m
-1

 s
-1

] or [Pa s] 

κ  Inverse of the EDL thickness [m
-1

] 

ρ  Fluid density [kg m
-3

] 

σ
∞
  Conductivity of electrolyte solution in the bulk [S m

-1
] or [A V

-1
 m

-1
] 

ϕl  Electric potential at the left end of the capillary [V] 

ϕL  Electric potential at the left end of the reservoir [V] 

ϕr  Electric potential at the right end of the capillary [V] 

ϕR  Electric potential at the right end of the reservoir [V] 

 

Subscripts 

0  Bulk solution 

c  Capillary 

in  Inlet 

k  Ion species 

lo  Electric load 

out  Outlet  

r  Reservoir 

rl  Reservoir of the left handside 

rr  Reservoir of the right handside 

ref  Reference parameter 

 



 

 132 

Chapter 6: Experimental enhancement to forward 

osmosis (FO) - electrokinetic (EK) 

energy conversion system 

Equation Chapter 6 Section 1 

6.1 Introduction 

 As already calculated in section 3.4, the energy conversion efficiency of the 

proposed forward osmosis (FO) - electrokinetic (EK) energy conversion system for the 

typical seawater and river water is estimated around 0.15%. Although it is competitive 

compared to other pressure-driven EK energy conversion technologies, such as the 

mechanical-electrokinetic battery [27] and the electrokinetic micro/nano-channel battery 

[28] with maximum energy conversion efficiencies of 0.77% and 0.045%, respectively, it 

still has a great potential to be further improved. In this chapter, two main experimental 

studies are conducted to enhance the energy conversion efficiency of the FO-EK system. 

Particularly, the improvement in the operation mode, continuously refreshing the draw 

solution (DS) instead of previously applied stack mode, and the surface treatment to the 

porous glass are investigated and discussed in the following two subsections.  
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6.2 Enhancement to FO-EK energy conversion system 

by continuous flow mode 

 It is already demonstrated in Chapter 4 that the FO flow rate in a separated FO 

module can be reasonably improved by applying tangential flow, namely a kind of 

convection flow, to timely refresh the DS. In this section, the advanced continuous flow 

mode by applying tangiential flow to the FO-EK system, instead of the stack mode with 

slower osmosis process, is further experimentally investigated to improve the 

performance of the FO-EK energy conversion system. As for the experiment of 

continuous flow mode, the tangential flow rate is the most essential parameter in 

determining the FO submodule performance and then the overall FO-EK system 

performance. Therefore, various tangential flow rates are applied to characterize the 

effects of the continuous flow model on the performance of the FO-EK energy 

conversion system. 

6.2.1 Experiment 

6.2.1.1 Experiment setup 

 Compared to the previous experimental study on the stack FO-EK energy conversion 

system in Chapter 3, the whole experiment setup employed in this section was the same 

except the FO submodule, as shown in Figure 6.1, where two pumps (Cole Parmer 

Masterflex L/S, 77301-22 Digital Modular Drive and 77301-21 Pump Drive Motor 

W/7518-00 Easy Load) were installed to separately circulate the fresh DS and FS through 

the FO submodule. In addition, three dampeners were mounted before/after the pumps to 
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smoothen the pulsation flow generated by the peristaltic pumps. The porous glass PG3 

with radius of 9 mm and thickness of 3.72 mm and the cellulose triacetate (CTA) 

membrane with effective surface area of 0.0144 m
2
 were used as the EK porous medium 

and FO semipermeable membrane. 

 

 

Figure 6.1 Schematic of the experimental FO-EK system with continuous flow mode.  

 

6.2.1.2 Experiment procedure 

 The same with previous experimental study on the FO-EK stack system, the DI 

water was used as the FS and the NaCl solutions with five concentrations, 0.5 M, 1 M, 2 

M, 3 M and 4 M, were individually used as the DS. In addition, the tangential flow rates 

of the continuous flows for both DS and FS were designed at 0 ml min
-1

, 2 ml min
-1

, 4 ml 

min
-1
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-1

, 8 ml min
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a. Soaked a new porous glass in DI water for 1 hour and soaked a newly tailored FO 

semipermeable membrane in the ultrasonic bath filled with DI water for 1 hour. 

Meanwhile, clean and dry all the components of the EK submodule and the FO 

submodule; 

b. Respectively sealed the porous glass and the FO membrane in the EK submodule and 

the FO submodule; 

c. Filled DI water into the EK submodule manually. Meanwhile, gradually filled DI 

water and NaCl solution with concentration of 0.5 M into the FS chamber and the DS 

chamber simultaneously by the pump at the same flow rate of 60 ml min
-1

. Attentions 

should be carefully paid to avoid air bubbles being trapped in the EK submodule and 

the FO submodule; 

d. Rapidly set up all the relevant experiment equipment into a system as shown in 

Figure 6.1; 

e. Run the pumps at the volume flow rates from 0 ml min
-1

 to 70 ml min
-1

 as elaborated 

above. Each run with a specific volume flow rate lasted for about 1 hour. The 

streaming potential, the maximum streaming current, and the weight loss of the DI 

water within the reservoir-I were simultaneously recorded by the computer during 

each run; 

f. Disassembled the whole setup after finishing all the runs in step e and repeated steps 

a-e at least three times to conduct the repeatability experiment for DS with 

concentration of 0.5 M; 

g. Repeated steps a-f for every other DS concentrations of 1 M, 2 M, 3 M and 4 M.  
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 All the recorded data were post-processed accordingly to explore relationships 

between the applied tangential volume flow rate and the performance of the FO-EK 

energy conversion system, accompanied by the corresponding error margins. The 

thorough results and discussion for the experiment of the continuous flow mode are 

elaborated in the following section. 

6.2.2 Results and discussion 

6.2.2.1 FO flux 

 It is already concluded in Chapter 4 that, at the DS concentration of 1 M, the external 

concentration polarization (ECP) region within the separated FO system can be 

reasonably constrained within a significant thin region in the vicinity of the membrane 

surface due to the continuously applied tangential flow and thus the FO flux is efficiently 

enhanced. In particular, as shown in the inner graph of Figure 6.2, the FO flux 

monotonously increases with increasing the tangential flow rate at a lower speed. 

Differently, the FO flux of the FO-EK energy conversion system, as shown in the outer 

graph of Figure 6.2, firstly increases with the growth of tangential flow rate before 40 ml 

min
-1

 but then decreases with continuously increasing the tangential flow rate after 40 ml 

min
-1

. The difference between those two graphs is mainly attributed to that: on the one 

hand, the size of the inlets/outlets is quite close with that of the FO chambers in the 

separated FO system, which makes the entire FO semipermeable membrane uniformly 

exposed to the tangential flow. On the contrary, the size of the inlets/outlets is 

significantly smaller than that of the FO chambers in the FO-EK system, which makes 

the entire FO semipermeable membrane unevenly bearing the tangential flow and thus 
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greatly reduces the enhancing capacity of the tangential flow, especially at the larger 

tangential flow rate; on the other hand, the connected EK module and tubing system in 

the FO-EK energy conversion system also exert significant negative effects on the FO 

flux. Particularly, the higher the tangential flow rate is, the more serious the negative 

effects are. Therefore, with increasing the tangential flow rate, the FO flux steadily rises 

for the pure FO system but firstly increases and then decreases for the FO-EK energy 

conversion system. 

 

 

Figure 6.2 Effects of the tangential flow on the FO flux at the DS concentration of 1 M. The 

inner graph shows the relationship between the FO flux and the Reynolds number of the 

tangential flow within the separated FO microchannel system. In addition, the outer graph 

shows the relationship between the FO flux and the tangential flow rate within the FO-EK 

energy conversion system. The lower and the upper horizontal axes represent the tangential 

flow rate and the corresponding Reynolds number, respectively. 
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 In addition to the comparison study above, a completed FO flux variations with the 

tangential flow rate for all five DS concentrations in the FO-EK energy conversion 

system are shown in Figure 6.3. All those five curves in this figure, corresponding to the 

five DS concentrations, show a similar trend, i.e., the FO flux increases with increasing 

the tangential flow rate, and reaches the maximum FO flux at the tangential flow rate 

around 40 ml min
-1

, and then slightly descends after 40 ml min
-1

. This finding 

demonstrates that, compared to the stack mode, the continuous flow mode can reliably 

enhance the performance of the FO-EK energy conversion system. However, due to the 

size difference between the inlets/outlets and the FO chambers and the negative effects 

from the connected EK submodule and tubing system, the FO flux cannot be 

monotonously increased by increasing the tangential flow rate but descends after a certain 

tangential flow rate. 

 

 

Figure 6.3 Effects of the tangential flow on the FO flux of the FO-EK energy conversion 

system.  
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6.2.2.2 Streaming potential and maximum streaming current 

 As already calculated in Chapter 3, the electric double layer (EDL) thickness for the 

working fluid of DI water is around 0.3 μm. Meanwhile, the average pore raduis of PG3 

used in this experiment is estimated as 6 μm. For a pure pressure-driven EK flow with 

large ratio of the microchannel radius to the EDL thickness, particularly larger than 10 as 

already proved in Chapter 5, the streaming potential and the maximum streaming current 

almost linearly increase with the rising volume flow rate of the pressure-driven flow 

through the microchannel. In addition, the volume flow rate is in proportional to the FO 

flux for the FO-EK energy conversion system. Therefore, similar variation trends of the 

streaming potential and the maximum streaming current with that of the FO flux are 

achieved as respectively shown in Figure 6.4.a and Figure 6.4.b.  
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b 

Figure 6.4 Effects of the tangential flow on the streaming potential (a) and the maximum 

streaming current (b) of the FO-EK energy conversion system. 
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in Figure 6.5. It shows that, similar with the trends of the streaming potential and the 

maximum streaming current, the maximum power densities for all five DS concentrations 

are significantly improved by the continuous flow mode, especially for the tangential 

flow rate ranging from 30 ml min
-1

 to 50 ml min
-1

. The maximum increment among all 

the enhanced power densities, according to calculations, reaches up to as much as 9.6 

times higher at the DS concentration of 0.5 M and the tangential flow rate of 40 ml min
-1

. 

 

 

Figure 6.5 Effects of the tangential flow on the maximum power density of the FO-EK 

energy conversion system. 

 

6.3 Enhancement to FO-EK energy conversion system 

by surface treatments to the porous glass 
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current and maximum power density by the pressure-driven EK flow always 

monotonously increase with increasing the surface charge density. Obviously, 

enhancements in the surface charge density can greatly improve energy conversion 

performance of the pressure-driven EK flow. What’s more, although it is assumed in 

Chapter 3 that all the void pores or spaces within the porous glass are connected, the 

porous glass surface indeed cannot be fully filled with liquid due to the complex tortuous 

structure of the porous glass. Amounts of air bubbles are probably trapped inside some 

blind pores. Therefore, some powerful approaches should also be implemented to 

dislodge all the air bubbles out from the porous glass, thus create larger volume charge 

density, and finally further enhance the energy conversion performance of the pressure-

driven EK flow. 

 In this part, two surface treatment approaches, ultrasonic treatment and sodium 

dodecyl sulfate (SDS) surfactant treatment, will be separately and cooperatively 

conducted to enhance the energy conversion performance of the pressure-driven EK flow. 

On the one hand, one of the most common applications of ultrasonic treatment is to be as 

cleaner. Compared to the other chemical cleaning methods, the ultrasonic cleaner can 

efficiently clean contaminants or debris without damaging or polluting the object’s 

surface structure. Meanwhile, the ultrasonic vibrations as well as the induced high 

temperature also effectively eliminates the trapped air bubbles from the complex tortuous 

structure of the porous glass, making the porous glass being fully contacted with liquid 

and thus giving rise to higher volume charge density. On the other hand, as one of the 

most researched anionic surfactants, the SDS is widely used in many cleaning and 

hygiene products. In addition to this unique cleaning property, the SDS surfactant 
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treatment can also modify the surface properties of the glass channel due to its special 

amphiphilic structure consisting of a 12-carbon tail attached to a sulfate group [148]. 

Generally, both of those two approaches can effectively clean and degas the porous glass 

and, essentially, make it being fully wetted, which greatly benefits to the stability and 

efficiency of the energy conversion performance of the pressure-driven EK flow through 

the porous glass.  

6.3.1 Experiment 

6.3.1.1 Experiment setup 

 Experimental study mainly focuses on investigating effects of surface treatments, 

particularly ultrasonic treatment and SDS surfactant treatment to the porous glass, on the 

energy conversion performance of the pressure-driven EK flow. The machine, ultrasonic 

cleaner (Branson 8510MT) with frequency of 40 KHz, was applied to provide ultrasonic 

treatment on the porous glass. Meanwhile, SDS (Sigma-Aldrich) was employed as 

anionic surfactant. DI water was used to prepare SDS solution and generate EK power all 

through the experiments. The conductivity of the DI water was strictly kept within 0.9 ~ 

1.1 µS cm
-1

. Totally four different SDS solution concentrations were prepared for the 

surfactant treatment, namely 3 mM, 6 mM, 8.2 mM and 12 mM, which followed by 

ultrasonic process for an hour to enhance the dissolution of SDS in DI water. For the 

porous media, only PG3, giving rise to the best energy conversion performance as 

demonstrated in Chapter 3, was employed in this experimental study. 

 Since the experiments in this part only focus on surface treatments to the porous 

glass, the experiment setup was simplified by replacing the FO submodule mentioned in 
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Chapter 3 with a pump (Cole Parmer Masterflex L/S, 77301-22 Digital Modular Drive 

and 77301-21 Pump Drive Motor W/7518-00 Easy Load). The overall experiment setup 

is shown in Figure 6.6. A flow dampener was placed between the pump and the EK 

holder to regulate the pulse flow supplied by the pump. The measured weight loss of the 

DI water within the reservoir-I was logged into the computer, which would be post-

processed to volume flow rate. Meanwhile, the measured streaming potential and 

maximum streaming current were simultaneously recorded by the computer. 

 

 

Figure 6.6 Schematic of the experiment setup for surface treatment on porous glass. 

 

6.3.1.2 Experiment procedure 

 The procedure for the ultrasonic treatment was very simple, i.e., putting the beaker 

filled with a new PG3 and DI water into the basin of the running ultrasonic cleaner for 1 
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a. Referring to Figure 6.6, replaced the DI water in reservoir-I with the prepared SDS 

solution (3 mM, 6 mM, 8.2 mM or 12 mM) and then pumped the prepared SDS 

solution through the porous glass at volume flow rate of 5 ml min
-1

 for 1 hour. During 

the treatment, the SDS solutions were constantly subjected to a mild heating source 

created by the hot plate to enhance the surfactant adsorption;  

b. Stopped circulating the SDS solution and incubated the porous glass for another 30 

minutes to further enhance the surfactant adsorption;  

c. Continuously pumped DI water at volume flow rate of 5 ml min
-1

 through the porous 

glass to flush away the redundant SDS solution and then stopped pumping when the 

measured potential difference was stabilized.  

 In order to compare the experiment results from the PG3 treated by SDS with that 

untreated by SDS under the same conditions, another treatment by pure DI water, i.e., 

SDS solution of 0 mM, should also be added to the surfactant treatment with exactly the 

same experimental procedure from the step a to the step c. The combined surface 

treatment meant that, prior to being treated by the SDS solution as mentioned above, the 

porous glass should be treated by the ultrasonic first.  

 For each run with a newly surface-treated porous glass, the performance testing 

system was then set up based on the schematic shown in Figure 6.6. The weight loss of 

DI water, the streaming potential and the maximum streaming current at 5 different 

volume flow rates, namely 5 ml min
-1

, 10 ml min
-1

, 15 ml min
-1

, 20 ml min
-1

 and 25 ml 

min
-1

, were successively measured and recorded. 
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6.3.2 Results and discussion 

 In this part, the effects of two surface treatments, namely the ultrasonic treatment and 

the SDS surfactant treatment, on the performance parameters of the pressure-driven EK 

energy conversion process, including the streaming potential, the maximum streaming 

current and the maximum power density, are thoroughly discussed. In order to explore 

what indeed happened to the porous glass after being treated by both approaches, it is 

necessary to make clear the interface structure between the silica glass and the DI water. 

It has already been concluded that any silica glass surface contacting with water is 

consisted by silanol (SiOH) groups, a kind of hydrophilic group and directly providing 

negative surface charge of SiO
−
, and alternatively located inactive siloxane (SiOSi) 

bridges, a kind of hydrophobic group [149, 150]. Based on this specific structure, all the 

experimental findings can be readily discussed and explained. 

6.3.2.1 Effects of ultrasonic treatment 

 Figure 6.7.a and Figure 6.7.b show that the generated streaming potential and 

maximum streaming current almost linearly increase with increasing the flow rate, which 

is in consistent with the conclusions obtained in Chapter 5. In addition, compared to the 

porous glass not treated by ultrasonic, the porous glass treated by ultrasonic gives rise to 

higher streaming potentials and maximum streaming currents and also creates 

significantly shorter error bars. Those phenomena are mainly attributed to that the 

ultrasonic treatment process, accompanied by dramatic ultrasonic vibrations and high 

induced temperature, eliminates tiny air bubbles trapped inside the porous glass, and thus 
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makes the porous glass being fully wetted by DI water, and finally creates more stable 

and higher volume charge densities all through the experiments.  
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Figure 6.7 Effects of the ultrasonic treatment on the energy conversion performance of the 

pressure-driven EK flow through porous glass PG3. In figures a and b, ‘SDS0’ represents 

that the porous glass is treated by pure DI water (equally regarded as SDS solution with 

concentration of 0 mM) strictly following the procedure of SDS surfactant treatment; 

meanwhile, ‘Ultrasonic_SDS0’ represents that the porous glass is firstly treated by 

ultrasonic and then subsequently treated by SDS 0 mM. In figure c, all curves show 

comparison between two sets of the maximum power densities. One set is obtained from the 

porous glass only treated by the SDS surfactant (including 0 mM, 3 mM, 6mM, 8.2mM or 

12 mM), while the other set is obtained from the porous glass firstly treated by ultrasonic 

and subsequently treated by SDS (also including 0 mM, 3 mM, 6mM, 8.2mM or 12 mM). 

For each SDS solution concentration, the increment of the power densities is achieved by 

comparing the latter set to the former set. 

 

 Since both the generated streaming potential and maximum streaming current are 

almost linear increasing functions of the flow rate, the maximum power density can be 

easily achieved according to Eq. (3.35) and Eq. (3.36). Instead of the net value of the 

maximum power density, investigations in this aspects mainly focus in the increment of 

the maximum power density, which is shown in Figure 6.7.c. All positive increments in 

the maximum power densities show that the porous glass treated by ultrasonic 

outperforms the porous glass untreated by ultrasonic. Particularly for the trend of the 

maximum power density from the porous glass treated by 0 mM SDS (i.e., DI water), the 

explanations mainly include that: on the one hand, as a effective cleaner, the ultrasonic 

can efficiently clean the porous glass, making the previously contaminant-covered pore 

surface being fully exposed to DI water; on the other hand, the native degasing function 

of the ultrasonic treatment also makes the previously bubble-occupied space in the porous 

glass being fully filled by DI water. Obviously, both of those two aspects can 

significantly involve more effective surface, specifically more negative surface charges, 



 

 149 

in the energy conversion process of the pressure-driven EK flow. In addition, with 

increasing the flow rate, the dynamic pressure is higher, which also benefits more to the 

degasing process of the porous glass untreated by ultrasonic. Therefore, the improvement 

at higher flow rate is not as significant as that at lower flow rate. For the trends of the 

maximum power densities from the porous glasses treated by SDS solutions (with 

concentrations larger than 0mM), the essential reason also because that the ultrasonic 

treatment can involve more effective surface area in the energy conversion process as 

elaborated above. However, the mechanism is a little bit different. Particularly, in 

addition to involving more hydrophilic silanol groups, which directly gives rise to larger 

volume charge density, the ultrasonic treatment also simultaneously involves more 

hydrophobic siloxane bridge groups being contacted with SDS solutions. The 

hydrophobic tails of the SDS molecules will be adsorbed onto the hydrophobic siloxane 

bridge groups, leaving the negatively charged hydrophilic head exposing in the bulk 

liquid. Obviously, this self-assembled monolayer indirectly gives rise to more negative 

surface charges, i.e., higher surface charge density. Consequently, the porous glass 

treated by ultrasonic shows better energy conversion performance compared to the 

corresponding one untreated by ultrasonic.  

6.3.2.2 Effects of SDS surfactant treatment 

 After being treated by ultrasonic, the overall surface charges of the porous glass 

became much more stabilized. Then the SDS surfactant treatment with five different 

solution concentrations was separately conducted to the ultrasonic-treated porous glass. 

The effects of the SDS surfactant treatment on the energy conversion performance of the 

pressure-driven EK flow through the porous glass PG3 is shown in Figure 6.8.  
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Figure 6.8 Effects of the SDS surfactant treatment on the energy conversion performance of 

the pressure-driven EK flow through porous glass PG3. All curves show the increments of 

the energy conversion performance from the porous glass treated by ultrasonic and SDS 

solutions with concentration of larger than 0 mM. The benchmark corresponding to all the 

comparisons is the energy conversion performance from the porous glass treated by 

ultrasonic and SDS 0 mM. 
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 It is observed that, the PG3 treated by ultrasonic and SDS 12 mM always yields the 

highest enhancement to the energy conversion performance while the PG3 treated by 

ultrasonic and SDS 6 mM always yields the lowest enhancement. In addition, high flow 

rate also benefits more to energy conversion process compared to the low flow rate which 

sometimes even degrades the energy conversion performance. Finally, calculations show 

that, compared to the porous glass without any surface treatment, the porous glass treated 

by ultrasonic and SDS 12 mM gives rise to the best energy conversion performance with 

the maximum power density of 3.08 W m
-3

 and the corresponding increment of 27.3%. 

 

 

Figure 6.9 Schematic of four stages of surfactant aggregating on the silica glass surface. 

 

 As for the high flow rate always benefitting more to energy conversion process 

compared to the low flow rate, it is because that, with increasing the flow rate, more 

negatively charged surface is involved in energy conversion process due to the higher 

dynamic pressure, giving rise to better energy conversion performance. As for the 
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aggregation of SDS molecules onto the porous glass surface. As well known, the critical 

hemimicelle concentration (HMC) and the critical micelle concentration (CMC) of the 

SDS solution are around 1.6 mM and 8.2 mM, respectively. When the concentration of 

the SDS solution is between HMC and CMC as shown in Figure 6.9.a, the Na
+
 ions on 

the glass surface are saturated while the SDS
–
 ions start to form bilayers, i.e., hemimicelle, 

near the glass surface. When the concentration of the SDS solution is beyond CMC as 

shown in Figure 6.9.b, the previously formed bilayers begin to aggregate, forming 

micelles [148]. Consequently, compared to the other three statuses corresponding to 

concentrations of 3 mM, 8.2 mM and 12 mM, the status corresponding to 6 mM is that 

the glass surface is the most partially covered by the dilayers. Those dilayers are hardly 

flushed away by the DI water, which induces more positive ions fill in the bare spaces to 

counterbalance the surface charges, giving rise to seemingly shrinking EDL. As already 

proved in Chapter 5, thinner EDL gives rise to lower energy conversion efficiency. 

Meanwhile, the SDS 6 mM provides relatively smaller number of SDS
–
 ions adsorbed 

onto the hydrophobic groups of the porous glass and thus creates smaller number of 

indirect surface charges. Therefore, the porous glass treated by SDS 6 mM shows the 

lowest enhancement to the energy conversion performance. Differently, compare to the 

other three statuses corresponding to concentrations of 3 mM, 6 mM and 8.2 mM, the 

status corresponding to 12 mM is that the glass surface is fully covered by the micelles. 

Those micelles are easily flushed away by the DI water, which almost has no interference 

on the EDL. Under this situation, the SDS 12 mM provides relatively largest number of 

SDS
–
 ions adsorbed onto the hydrophobic groups of the porous glass and thus gives rise 
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to highest surface charge density. Therefore, the porous glass treated by SDS 12 mM 

shows the highest enhancement to the energy conversion performance.  

6.4 Summary 

 Two main experimental studies are conducted in this chapter to enhance the energy 

conversion performance of the proposed FO-EK system, and they are the continuous flow 

mode and the surface treatments to the porous glass PG3. As for the continuous flow 

mode, the tangential flow rate is found to be the most essential parameter in determining 

the FO submodule performance and then the overall FO-EK system performance. 

Therefore, a series of tests based on various tangential flow rates are conducted to 

characterize the effects of the continuous flow model on the performance of the FO-EK 

energy conversion system. As for the surface treatment, the surface/volume charge 

density is the most enssential factor in determining the energy conversion performance of 

the pressure-driven EK flow though a porous glass with pore size being of much larger 

than the EDL thickness. Therefore, two surface treatment approaches, namely the 

ultrasonic treatment and the SDS surfactant treatment, are conducted to increase the 

surface/volume charge density and thus enhance the energy conversion performance of 

the pressure-driven EK flow. Based on comprehensive results and discussion from those 

two experimental studies, main findings are summarized as follows: 

1. For the continuous flow mode, all the performance parameters of the FO-EK system, 

including the FO flux, the streaming potential, the maximum streaming current and 

the maximum power density, show inverted v-shape variation with the tangential flow 

rate. The optimum operation tangential flow rate happens at the region from 30 ml 
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min
-1

 to 50 ml min
-1

. The maximum increment of all the enhanced power densities, 

according to calculations, reaches up to as much as 9.6 times higher at DS 

concentration of 0.5 M and tangential flow rate of 40 ml min
-1

. 

2. For the surface treatments, both the ultrasonic treatment and the SDS surfactant 

treatment to the porous glass can significantly improve the energy conversion 

performance of the pressure-driven EK flow. Particularly, in addition to its intrinsic 

advantages as an effective cleaning and degasing means, the ultrasonic treatment also 

facilitates the subsequent SDS surfactant treatment by inducing more hydrophobic 

groups for adsorbing the SDS molecules, which gives rise to higher surface charge 

density and thus leads to higher energy conversion performance. The maximum 

increment from the porous glass PG3 corporately treated by both ultrasonic and SDS 

12 mM is calculated at around 27.3 % with corresponding power density of 3.08 W 

m
-3

. 
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Chapter 7: Conclusions and recommendations 

7.1 Contributions of this dissertation 

 In this work, studies are carried out emphasizing on a novel forward osmosis (FO) - 

electrokinetic (EK) energy conversion system which is proposed and developed by taking 

advantages of the EK and the FO techniques. This hybrid energy conversion technique is 

more advantageous over the other similar electric energy conversion techniques, such as 

the PRO and the EK techniques. This is due to the following facts that: on the one hand, 

compared to the PRO systems, the proposed system operates in low pressure environment, 

especially in FO sub-module, thus has much lower requirement on FO membrane and 

also much less membrane scaling and fouling problems. Therefore, it is more cost 

effective. On the other hand, unlike the other pressure-driven EK systems where pumps 

are needed to provide the pressure driven flow, this hybrid system is directly driven by 

the salinity gradient energy to generate electricity without any extra energy input like 

pumping power. However, the main limitation of this hybrid energy conversion technique 

lies in the low energy conversion efficiency of EK process. 

 The entire dissertation research can be summarized as followings. Firstly, 

comprehensive theoretical and experimental studies are conducted in Chapter 3 to assess 

and characterize the performance of the FO-EK energy conversion system. Secondly, 

since concentration polarization (CP) phenomena happened in both FO and EK 

submodules can reduce the energy conversion performance of the stack FO-EK system, 

another two studies on the CPs are successively conducted in Chapter 4 and Chapter 5 
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respectively on the FO process and the EK process. Finally, based on the results of the 

CP studies, strategies and the corresponding experimental tests for improving the FO-EK 

energy conversion system and enhancing the energy conversion performance of the FO-

EK system are proposed and implemented in Chapter 6. In conclusion, this dissertation 

focuses a novel FO-EK energy conversion method, develops the relevant mathematical 

models, builds the integral experimental systems, and finally improves the overall system 

to achieve higher energy conversion performance. Meanwhile, the research approaches 

employed in this work include theoretical development, numerical simulation and 

experimental investigation. The major contributions made by this research work are 

provided as below: 

1. Characterization of the novel forward osmosis (FO) - electrokinetic (EK) energy 

conversion system 

 The first main contribution is that, inspired by the tremendous salinity gradient 

energy at the river mouth, this study presents a novel hybrid FO-EK energy conversion 

system, consisting of a FO submodule and an EK submodule, to convert the salinity 

gradient energy into electric energy. For the overall system, a suction force generated in 

the FO submodule due to the mechanism of FO draws water through a porous glass disk 

housed in the EK submodule. When such osmotic pressure-driven flow passes across the 

porous glass, the streaming potential and the streaming current are simultaneously 

generated and they can be harvested as the power source to an external electric circuit. 

This hybrid energy conversion technique has been demonstrated considerably 

advantageous due to its friendly operating environment and no any extra energy 

requirement like pumping power.  
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 Another main contribution is the theoretical study for the pressure-driven EK flow 

through a porous medium. Particularly, compared to the commonly used uniform-

capillary model, this study develops a heterogeneous-capillary model for the pressure-

driven EK flow through a porous medium, which is proved to be prominently more 

consistent with experimental results.  

2. External concentration polarization (ECP) in forward osmosis (FO) 

 The first main contribution is innovatively introducing the microtechnology into the 

FO process. Due to significant advantages over large-scale systems used in conventional 

FO studies, a micro-FO-device is fabricated and utilized to systematically study the 

predominating ECP phenomenon in FO process. It is because of the novel application of 

the microtechnology in FO process so that this work successively achieves the 

experimental visualization and quantitative characterization of the ECP layer, which 

haven’t been done by other researchers. 

 The second main contribution is that the convection-diffusion model is found to be 

superior to the commonly used film theory. Film theory is a one-dimensional (1D) 

analytical model based on assumptions that, solvent permeating flux along the membrane 

is axially invariant and it has no effect to the axial velocity field. However, both 

theoretical study based on convection-diffusion model and experimental study show that 

the thickness of the ECP layer varies along with the axial direction. Thus, the solvent 

permeating flux and the axial velocity field, accordingly, vary with the axial direction. 

 The third main contribution is that the study on the ECP in FO process provides 

valuable optimizing approach to FO process. At low Re numbers ranging from 0 to 1, the 

FO performance is predominately determined by the ECP phenomenon due to the 
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significantly reduced osmotic pressure within the ECP layer. Although the FO flux is low 

at this Re number range, the FO efficiency is high. On the contrary, at high Re number 

larger than 1, the ECP phenomenon is greatly reduced by applying high tangential flow 

rate. However, the enhancement in FO flow rate is not significant due to the little 

variation of ECP layer, leading to considerably low FO efficiency. In this situation, if a 

higher flow rate is needed, the methods such as reducing ICP or using high performance 

semipermeable membranes are preferred rather than simply increasing the tangential flow 

rate. 

3. Ion concentration polarization (IonCP) in pressure-driven electrokinetic (EK) 

flow through a capillary system 

 The main contribution is that, the study of the IonCP in pressure-driven EK flow 

through a capillary system figures out the way how the IonCP essentially affects the inner 

characteristics and the terminal characteristics of the capillary system and the 

relationships between those two kinds of characteristics, and, consequently paves the way 

for further practical applications. Particularly, the dimensionless numerical analysis is 

adopted and the simulation process is improved by setting the output current rather than 

the previously applied output potential gradient as zero at the outlet when solving for the 

streaming potential. In addition to the in-depth and comprehensive analyses on the inner 

characteristics (including distributions of the induced potentials, the ion species and the 

electric conductivities), investigations on the terminal characteristics (including the 

overall electric resistances, the streaming potentials, the maximum streaming currents and 

the current-potential curves) are also conducted. Finally, the relationships between the 

inner and the terminal characteristics of the capillary system are fully explored through 
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analyzing the IonCPs occurrence during pressure-driven EK energy conversion process in 

a capillary system.  

7.2 Recommendations for future studies 

7.2.1 Further experimental enhancement to FO-EK energy 

conversion system 

 As experimentally studied in Chapter 6, the FO flux, the streaming potential, the 

maximum streaming current and the maximum power density, show inverted v-shape 

variation with the tangential flow rate, namely firstly increasing and then decreasing with 

the tangential flow rate. According to analysis, this is mainly attributed to the significant 

size difference between the small inlets/outlets and the large FO chambers, which makes 

the entire FO semipermeable membrane unevenly bearing the tangential flow and thus 

greatly diminishes the enhancement capacity of the tangential flow. Therefore, further 

improvement on the continuous flow, as shown in Figure 7.1, by applying more uniform 

tangential flow to the FO submodule is necessary. In addition, in order to make use of the 

gravitational force to further enhance the FO performance, the FO submodule is 

recommended to be placed horizontally with the FS and the DS chambers respectively 

being at the upside and underside of the semipermeable membrane. This suggested 

placement is also much closer to the natural phenomena when the riverwater, with 

relatively higher water level, meeting with the seawater, with relatively lower water level, 

at the river mouth. 
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Figure 7.1 Schematic of further improvement for the FO submodule. 

 

 Furthermore, it is introduced in the Literature review section that slip boundary 

occurrence at the hydrophobic surface of micro/nano-channels can significantly enhance 

the EK energy conversion process. However, the requirement of high hydrophobic 

surface normally is in contradiction with that of the high zeta potential. How to 

practically balance those two aspects to achieve better hydrodynamic and EK 

performance is an interesting and promising development direction. Consequently, in 

addition to the surface treatment studies already conducted in this work, another two 

surface treatment methods are also recommended for future study: 

1. Treat silica micro/nano-channel with carboxyl groups. It has been proved that, 

compared to the original silica material with a zeta potential of −42mV, the silica 

material modified by carboxyl groups exhibits an increased zeta potential up to 

−72mV with almost no alteration of the wetting property [151]; 

2. Treat silica micro/nano-channel with poly (propylene glycol) methacrylate (PPGMA). 

For silica material modified by PPGMA, the zeta potential is almost not affected 

while the ability of adsorbing water molecules significantly decreases, i.e., there is a 
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great enhancement in the hydrophobicity through the surface modification process 

while keeping the zeta potential unchanged [152]. 

7.2.2 Further experimental study on the IonCP in pressure-

driven EK flow through a capillary system 

 Literature review in this work shows that only a few theoretical studies on the 

pressure-driven EK energy conversion process recognize that the IonCP phenomena 

reduce the generated electric power and the energy conversion efficiency. Compared to 

their studies, this work conducts a much more comprehensive numerical study to 

investigate the effects of the IonCP on the energy conversion performance of the 

pressure-driven EK flows. However, all existing studies only focus on theoretical or 

numerical analyses. So far, there is no experimental research work investigating the 

IonCP phenomena and the related effects on the pressure-driven EK flows. In order to fill 

in this research gap, two preliminary proposals for the experimental study based on 

research results in this work are provided for future study. The corresponding conceptual 

experiment setups are shown in Figure 7.2, which are designed mainly for the 

experimental studies on the IonCP through a porous medium and through a capillary.  
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a 

 

b 

Figure 7.2 Schematic of experiment setups for studying the IonCP though a porous medium 

(a) and through a capillary (b). The Keithley source meter is utilized in both experimental 

studies as a measuring apparatus and simultaneously as an external electric load. 

 

7.2.3 Enhance energy conversion performance of the 

pressure-driven EK flow by applying non-Newtonian 

nanofluids 

 Berli studied that, some kinds of non-Newtonian nanofluids, such as polymer 

solutions and colloidal suspensions which contain discrete entities in the nanoscale, can 
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be used as flow media for the electroosmosis flow instead of simple electrolyte solutions 

to give rise to higher thermodynamic efficiency [153]. As shown in Figure 7.3, when 

such kinds of non-Newtonian nanofluids are forced passing through a micro/nano-

channel by a pressure gradient, a certain degree of wall depletion with depletion layer of 

δ will happen at the interfacial region. If the thickness of EDL λ is smaller than δ, the 

streaming current will be free of the macromolecules or nanoparticles in the bulk liquid. 

As known that, the viscosity of non-Newtonian nanofluids is a function of the shear rate

 , i.e.,  p  , which has been proved to be always higher than the viscosity of simple 

electrolyte solution, μs [154]. It means that, if proper polymer solutions are utilized in 

such a micro/nano-channel, the viscosity of the nanofluids in the bulk must be relatively 

higher than that in the depletion layer. In addition, based on Eq. (3.13) and Eq. (3.14), the 

maximum energy conversion efficiency for the case of λ << a can be approximated as 

2

12
max

11 22

1

4




 
  [29, 32, 155, 156]. According to expressions of all coefficients, it is 

evidently observed that the method of adding water-soluble polymer or nano-particles 

into the background electrolyte solution will reduce the coefficient α22 without altering 

α12 and thus logically increase the energy conversion efficiency. Therefore, the approach 

of exploring and investigating some proper non-Newtonian nanofluids to increase the 

energy conversion efficiency of the pressure-driven EK process is recommended for 

future study. 
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Figure 7.3 Schematic of the EK flow of a non-Newtonian nanofluids through a micro/nano-

channel. 

 

7.2.4 FO-EK energy conversion by recycling brackish 

solution 

 The EO-EK energy conversion system is initially proposed to generate electric 

energy by utilizing the salinity gradient at the river mouth where the riverwater meets 

with the seawater. Beside, this section is going to recommend another potential 

application as shown in Figure 7.4.a, which combines the so-called membrane capacitive 

deionization (MCDI) technique and the FO-EK technique. This hybrid system, shortly 

named as MCDI-FO-EK system, is proposed to produce deionized water and 

simultaneously generate electric power.  

 Particularly, a MCDI device, integrating both the advantages of carbon 

nanotubes/carbon nanofibers (CNTs/CNFs) composite film and ion-exchange membrane, 

was proposed to intermittently generate deionized water with a byproduct of brackish 

solution [157]. The corresponding operation principle of the MCDI device is summarized 

in Figure 7.4.b. In order to achieve continuous operating mode, two MCDI devices, as 
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shown in Figure 7.4.c, are employed in the MCDI module. When MCDI-A is in the 

recovery mode, the energy stored in this unit will be released to MCDI-B to achieve the 

deionization process in the second unit. Once the MCDI-B is saturated, the charging 

process will be reverted, which means the MCDI-B releases energy to the MCDI-A to 

accomplish the desalination process. Clearly, this special design can continuously 

generate deionized water with a byproduct of brackish solution. Then the brackish 

solution goes into the FO-EK module to driven the energy conversion process and thus 

generates electricity.  
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b 

  

c 

Figure 7.4 a. Flow chart of the Membrane Capacitive Deionization-Forward Osmosis-

Electrokinetic (MCDI-FO-EK) system. b. Operation principle of a single MCDI device. 

Phase A: The carbon electrodes are initially uncharged, i.e., in the state of PZC (potential of 

zero potential). Phase B: When the electrodes are charged, the electrodes surfaces will 

adsorb counterions; this is a deionization process. c. Flow chart of the MCDI module in 

continuous operating mode. 
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Appendices 

 

Appendix A. Forward osmosis (FO) submodule assembly with unit of mm. 

 

 

Appendix B. Electrokinetic (EK) submodule assembly with unit of mm. 
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Appendix C. Calibrated relationship between volume flow rate shown by pump and actual 

volume flow rate. The discrete data are obtained from calibration experiment and the solid 

curve represents the fitted relationship between the displayed volume flow rate and the real 

volume flow rate. 
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