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Abstract- This study aims at the development of a novel electromechanical separator to remove undesired ions from 
Alkanolamines solution used in gas sweetening. The proposed process constitutes of a metallic pipe and a concentric-
deviator at the outlet.  The external pipe is connected to a power source and charged with a positive charge, and the deviator 
is connected to the power source has a negative charge. The electrical potential will act as a driving force to facilitate the 
removal of the targeted ions. A theoretical model based on the fundamental of fluid mechanics and electrical separation is 
developed. The numerical simulation results are obtained to examine the efficacy of the developed design. Several important 
parameters i.e the ratio between inner pipe dimeter (ri) to the shell pipe dimeter (Ri) are investigated to examine their effect 
on the process.  It is found the separation decreases as the ri/Riincreases, and it is also found that the concentrate loss 
decreases significantly as the ri/Riratio increases. It is also confirmed that the separation efficiency decreases with increasing 
the pipe diameter, and the efficiency increases with the increase in pipe length. The proposed process design can find utilities 
in various industrial application.   
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I. INTRODUCTION 
 
Alkanolamines are widely used in gas sweetening 
units During the absorption of H2S and CO2 by-
products such as SCN-, HCOO-, CH3COO-, and 
CH3CH2COO- are produced in the amine solution[1, 
2]. These by-products and the protonated amine form 
a heat stable salt (HSS) system, which could not be 
removed by system regenerator [3,4]. The 
accumulation of these HSS makes the acid gases 
absorption become less stable. The increase of HSS 
in solution may lead to the corrosion and fouling of 
the equipment, and in turn short life of the equipment 
[5, 6]. Moreover, these HSS contribute to solution 
foaming which cause the losses of amine and other 
serious problems [6,7]. Therefore, the removal of 
these HSS from the alkanolamine solutions is crucial 
for gas sweetening processes. Usually, ion-exchange 
(IE) method is applied to separate HSS from real 
alkanolamine solutions. However, the cost of IE 
method is relatively high. The frequent regeneration 
of exchange resin may cause serious second pollution 
due to the production of acid and alkaline 
wastewaters [1]. Recently, Electrodialysis has been 
proposed as a method for removing heat stable salts 
from amine containing streams [1,8,9]. The 
electrodialysis desalination technology principle is 
based on the separation of ions due to applied 
electrical potential. The salt is separated by 
electrodialysis wherein the charged ions permeate 
through anion and cation-selective membranes. The 
amine, which is non-ionic, does not permeate through 
the membranes and is discharged from the 
electrodialysis zone as a product [9]. However, the 

electrodialysis has a series of problems that 
contribute to the main problem of having high power 
consumption and thus operating cost. This high 
power consumption problem results from the need to 
maintain the electro-neutrality in the cells of the 
edges. To solve these problems, it is necessary to 
seek for a new approach to remove the HSS from 
aqueous solution of alkanolamine. In this paper the 
main aim is to introduce a new Electromechanical 
Salt Separator to remove HSS from amine solutions. 
In seawater desalination, Electromechanical 
desalinator showed high promise in the removal of 
salts from seawater but has never been attempted to 
remove HSS from amine solution [10-12]. In this 
paper, electromechanical concept will be used and 
modified to suit the removal of heat stable salts from 
aqueous solution of alkanolamine. This study comes 
as a part of an ongoing project investigating the 
development of new technology for the removal of 
amine contaminates in Habshan Gas Sweetening Unit 
(HGSU), GASCO, Abu Dhabi. In GASCO 50 wt% 
methyldiethanolamine (MDEA) is used for acid gas 
removal. In this study the thermos-physical properties 
of MDEA are obtained from our previous work [13] 
and used in the numerical simulation as will be 
discussed later in this manuscript.   
 
II. DETAILS EXPERIMENTAL 
 
2.1. Process description 
The separation process is based on the application of 
electrical potential on a shell and concentric pipe 
where the amine is flowing inside the shell pipe. A 
schematic diagram for the proposed 
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electromechanical separator is shown in Fig.1. The 
amine solution containing the dissolved HSS particles 
moves within the electromechanical separator. The 
separator consists of a metallic pipe and a concentric-
deviator at the outlet. The external pipe is connected 
to a power source and charged with a positive charge, 
and the deviator is connected to the power source has 
a negative charge. The amine solution flows in the 
pipe in the axial z-direction as shown in Fig. 1. As the 
dissolved particles moves along the pipe, it is 
subjected to the electrical forces pushing the 
positively charged ions towered the center and the 
negatively charged ions toward the pipe surface. The 
concentric deviator is located near the end of the 
channel is used to separate the positively charged 
stream containing the protonated amine and other 
cations i.e. Na+ , Cr+3, Pb+2, Fe+3(center-outlet) from 
the negatively charged stream containing the 
undesired anions i.e. SCN-, HCOO-, CH3COO-, and 
CH3CH2COO-(periphery-outlet). The dimension of 
the concentric arrangement is as shown in Fig. 2.The 
thickness of the concentric pipe is set to 5 mm.  
 

 
Fig. 1 Schematic diagram of concentric pipe (a) isometric view, 

(b) axial view 
 
2.2 Mathematical modeling 
In order to model the motion of the dissolved HSS 
ions within the liquid solution, the momentum 
equation need to be solved. Fig. 2 shows a schematic 
of the separator, the flow domain and the direction of 
the electrical forces. The fluid flow can be modeled 
by applying the conservation of momentum equation 
in the separator. The dissolved charged particles 
within the fluid can be treated as a discrete phase. 
The motion of these charged particles can be modeled 
in Lagrangian method.  

 
Fig. 2 Schematic diagram and dimension of concentric pipe 

 
The fluids and the dissolved particles (ions) move in 
the separator in the axial z-direction. The applied 
force affects the moving particles (ions) in the radial 
direction only. As the fluid approaches the end of the 
channel, it splits to two streams due to the presence of 
the barrier. The diluted stream exits from the central 
outlet and the concentrated outlet exits from the outer 
outlet. The fluid is assumed to be incompressible, and 
the flow is steady. The conservation of momentum is 
applied to the fluid flow in the electrical separator as, 

ρ
⃗

+ V⃗. ∇⃗V⃗ = − ∇⃗p  + η∇⃗ V⃗ + S⃗  (1) 

whereρ is the fluid density (kg/m3), V⃗is the fluid 
velocity vector (m/s) and it can be written 
mathematically as V⃗ =  v e⃗ + v e⃗+ v e⃗ , p is the 
fluid pressure (Pa), S⃗ is the source term vector 
(N/m2). The source term can represent any forces 
applied on the fluid such as drag force exerted on 
particles, and buddy forces. 
The electrical force affect the dissolved charged 
particle motion and pull them in the radial-direction. 
The electrical force acting on the charged particles 
can be calculated as,  
F  = qE      (2) 
whereq is the ion charge in C, and E is the electric 
field in V/m or N/C.  
The drag force on an ion in a continuous viscous fluid 
can be modeled by Stokes law, which can be written 
as  
F = 6πηR(v − v ),       (3) 
whereη is a fluid’s dynamic viscosity, R is the Stokes 
radius of the ion, and vr is the ion’s radial velocity 
component which is normal to the direction of fluid 
flow. It is to be noted that v  andv represents the 
particle and fluid velocity in the y-direction, 
respectively. 
The gravitational and buoyant forces resulting from 
the mass difference between the ions can be written 
as 
F = V (ρ − ρ )g.               (4) 
Summing the forces applied on the moving ions in 
the y-direction yields  
m = qE + V (ρ − ρ )g− 6πηR(v − v ) (5) 
Equation (7) can be further simplified by diving by 
the particle mass, to solve for the variation in 
dissolved charged HSS particles velocity with respect 
to time,  



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,      Volume- 5, Issue-9, Sep.-2017 
http://iraj.in 

Design and Operation of Electromechanical Separation Process for Heat Stable Salts Removal from Gas Sweetening Amine Solutions 
 

39 

=  −  −  .   (6) 

The solution of the trajectory equations which can be 
done over a discrete time steps yields the particle 
velocity along the trajectory.  The particle velocity 
vector isV⃗ =  u ı⃗ + v ȷ⃗ + w k⃗. The particle velocity 
component in the radial direction can be evaluated 
asv , =  u  + v .  To track the dissolved 
charged particle motion, the dissolved charged 
particles and fluid velocities should be solved. The 
particle trajectory can be obtained using  

= u  ,     = v ,      = w  .             (7) 
The source term in Eq. 2 can represent any forces, 
such as the drag force of particles, which affect the 
fluid movements.  The fluid moves in the z-direction, 
and the source terms that affects the fluid flow are 
given as,  

S =  ,  , S =  .          (8) 

The separation of the moving particles is controlled 
by some operation parameters such as the dimension 
of the flow channel, electrical field, and fluid 
velocity. To achieve separation in the proposed 
configuration, the dissolved charged particles must 
move toward the outer pipe (anode) surface before it 
reaches the end of the separator so that it exits at the 
outer concentrated outlet as shown in Fig. 2.Consider 
τ to be the residence time for the dissolved charged 
particles to move from the inlet to the exit of the pipe. 
The residence timeτ can be calculated as, 
τ =           (9) 
Where L is the length, and w  is the velocity of the 
particles in axial direction. It is to be noted that the 
particle axial velocity w is equal to the axial fluid 
velocityv . Similarly, the time required for the 
particle to move from the flow stream to reach the 
upper wall can be defined as capture time (τ ), and it 
is given as: 
τ = ( )          (10) 

whereh(r) is the radial distance between the particle 
and the outer pipe. This can radial distance can be 
evaluated as h(r) = R-rp, where rp is the radial 
distance between a particle position and the pipe 
center. For particles stream entering the concentric 
pipe arrangement at the center, the capture time 
isτ = R v  , where rp =0.An important condition to 
ensure separation is that the capture time τ  should be 
smaller than the residence time τ . 
Estimating the number of charged particles moving in 
the separator is important for estimating the 
separation. The number of charged particles that exist 
in the channel is given as, 
ṁ = m = ṅ m         (11) 
where n  is number of particles entering the channel 
over a time period Δt, ṅ  is rate of particles passing 
cross sectional area, m is the particle mass (kg), and 

ṁ  is the total mass flow rate of all particles. The 
number of particles entering the channel over a period 
of time(Δt) is n = ̇ Δt.    

The separation efficiency is defined as, 
η =  ,           (12) 
Where,Cinlet is the inlet concentration, and Creduced is 
the reduced concentration at the central outlet. 
2.3 Computational Method  
The computational method used in this study is 
similar to that used by Alnaimat et al. [12]. The 
numerical solution of the current system is completed 
using ANSYS FLUENT.  The fluid phase solution 
treats the fluid as continuum. The Navier-Stokes 
equations are solved using Eulerian approach to 
model the continuous fluid phase flow. The 
underlying physics of the continuous flow is 
expressed in the form of partial differential equations 
(PDE). 
The solution of the motion of the charged particles 
phase is accomplished by tracking a large number of 
particles through the calculated flow field. This is 
based on Lagrangian approach which tracks the 
trajectories of particles. This solution of the moving 
charged particles is done via the discrete phase model 
(DPM) in Fluent. The charged particles can exchange 
mass, momentum, and energy with the fluid phase. 
The underlying physics of the Discrete Phase Model 
is described by ordinary differential equations (ODE). 
FLUENT computes and preserves the trajectories of 
the discrete phase particles. 
The standard dimension of the electrical separator 
setup are given as:the ratio ri/Ri = 0.7, and the pipe 
diameter Di = 0.1 m. And the standard operating 
conditions are: fluid velocity entering the separator vz 
= 0.05 m/s, and the applied force on a single ion is set 
to 1.0×10-10 N.  
The MDEA thermophysical properties that are used 
in the simulation study are obtained from [13] as 
shown below. One of the measure heat stable salts 
(HSS) that accumulates in the MDEA industrial 
solution is the acetate (CH3COO-) [14]. In the 
simulation study, acetate ion is used to represent the 
HSS. The density, ρ ,  and the viscosity, μ 
(mPa.s), of MDEA is calculated using Eq. 13 and Eq. 
14 as,  
ρ = 1.0224 + 0.0716 x(MDEA)− 6.6101 ×
10  T(℃)    (13) 
ln μ(mPa. s) = 0.6624 + 4.5966 x −
0.0318 T(℃)    
 (14) 
wherexMDEA is the mass fraction of MDEA in 
solutions and T is the solution temperature. 
 
III. RESULTS AND DISCUSSION 
 
Fig. 3 shows the velocity and tracks distribution at 
different axial locations along the separator. It is 
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clearly shown that the –ve particles are moving in the 
radial direction toward the positive electrode. As 
shown the concentration of –ve particles decreases in 
the core region and increase in around the periphery. 
It is also noted that the positive ions moves away 
from the periphery region toward the center. As a 
result, the positive ions concentration increases in the 
core region. The separation processes depends on 
several parameters such as the applied voltage, fluid 
velocity, pipe length, pipe diameter, and deviator to 
pipe diameter ratio. As such, these parameters are 
investigated thoroughly.   

 
Fig. 3. Particles tracks location along the electromechanical 

separator, (L=0.5 m, ri/Ri =0.7, Di =0.1 m, FEM = 1.0×10-10 N). 
 
(a) ri/Riratio: 
 Fig. 4 shows the velocity distribution 
fordifferent ri/Riratio. It is shown that increasing the 
ri/Riratio results in decreasing the fluid velocity in the 
in periphery outlet and increasing the velocity of the 
inner outlet. Fig. 5 shows the particles tracks along 
the separators. It is shown that smaller ri/Riratio 
results in better separation for the negative ions. 
However, the mass flow rate of the clean solution 
decreases with increasing ri/Riratio. Also the flow 
rate of the concentrated stream increases with 
decreasing the ri/Riratio. It is to be noted that the 
concentrate flowrate decreases as the ri/Riratio 
increases. Although the separation efficiency 
decreases with increasing the ri/Riratio, it is still 
recommended to use a higher ri/Riratio to reduce the 
losses in the concentrated streams. 
 

Table 1. Separation of HSS using the electromechanical 
separatorfor differentri/Riratio. 

 
Fig. 6 shows the separation efficacy of HSS removal 
for different ri/Riratio. It is clearly shown that the 
separation decreases slightly as the ri/Riratio 

increases. Furthermore, Fig. 7 shows the concentrate 
losses in the separator for different ri/Riratio. It is 
shown that the concentrate losses decrease 
significantly as the ri/Riratio increases. 

 
Fig. 4 Velocity contours tracks of concentric pipe 

electromechanical separator 

 
Fig. 5 Particles tracks of concentric pipe electromechanical 
separator with ri/Riratio: (a) 0.5, (b) 0.6, (c) 0.7 and (d) 0.8. 

 

 
Fig. 6 Separation efficiency in concentric electromechanical 
separatorfor differentri/Ri, and (L=0.5 m, Di =0.1 m, FEM = 

1.0×10-10 N). 
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Fig. 7 Concentrate loss in concentric electromechanical 

separatorfor differentri/Ri, and (L=0.5 m, Di =0.1 m, FEM = 
1.0×10-10 N). 

 
(b) Applied force and applied voltage 
Fig. 8 shows the ions distribution near the outlet at z 
=0.45 m. As shown more ions exits at the 
concentrated outlet for higher FEM. The applied force 
plays an important on the HSS removal efficiency. It 
is to be mentioned that the ratio of ri/Riis maintained 
at 0.7, and the pipe diameter is set to 0.1 m, fluid 
velocity is set to 0.05 m/s.  

 
Fig. 8 Particles tracks in the electromechanical separatorat z= 
0.45 m for different FEM and (L=0.5 m, ri/Ri=0.7, Di =0.1 m). 

 
Fig. 9 shows the effect of the applied force on the 
separation efficiency. It is noted that the separation 
efficiency is strongly dependant on the applied force. 
It is to be noted that the desired separation efficiency 
can be achieved for the current configuration by 
applying the minimum electrical forces shown in Fig. 
9. 

 
Fig. 9. Separation efficiency in concentric electromechanical 

separatorfor different FEM and (L=0.5 m, ri/Ri=0.7, Di =0.1 m). 

(c) Pipe diameter 
The pipe diameter is an important design 
configuration in the electromechanical separatorthat 
effect the separation efficiency of the HSS. Fig. 10 
shows the velocity distribution along the separator for 
different pipe diameter (Di = 0.1m, 0.05m, 0.025m). 
Moreover, Fig. 11 shows the particles tracks along 
the separator for different pipe diameter. The ratio of 
ri/Riis set to 0.7, and the applied force FEM is set to 
1.0×10-10 N. It is clearly shown that the smaller 
diameter results in larger separation. Decreasing the 
pipe diameter decreases the flow rate and the moving 
distance for the ions to reach the pipe surface. It is 
important to be stated that a certain number of ions 
will stick to the pipe surface. As such, these ions do 
not exit at the concentrated periphery outlet. This 
occurs due to the very small velocity near the pipe 
surface which is not sufficient to move the ions. Fig. 
12 shows the separation efficiency for different pipe 
diameter. It is noted that the separation efficiency 
decreases with increasing the pipe diameter.  

 

 
Fig. 10 Velocity contours of concentric electromechanical 
separatorfor different Di and (L=0.5 m, ri/Ri= 0.7, FEM = 

1.0×10-10 N) 
 

 
Fig. 11 Particles tracks of concentric electromechanical 
separatorfor different Di and (L=0.5 m, ri/Ri = 0.7, FEM 

=1.0×10-10 N) 
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Fig. 12 Separation efficiency in concentric electromechanical 

separatorfor different Di and (L=0.5 m, ri/Ri=0.7, FEM =1.0×10-

10 N). 
 
(d) Pipe Length 
The length of the pipe within the electromechanical 
separatoris an important factor that affects the 
separation efficiency.   

 
Fig. 13 Separation efficiency in concentric electromechanical 

separatorfor different L and (ri/Ri= 0.7, Di =0.1 m, FEM = 
0.5×10-10 N) 

Fig. 13 shows the separation efficiency for different 
pipe length in the electromechanical separator.The 
ratio of ri/Riis maintained at 0.7, and Di =0.1 m. It is 
clearly shown that more ions are removed with higher 
pipe length. This confirms that longer 
electromechanical separatorpipe results in higher 
separation.  
 
CONCLUSIONS 
 
A novel electromechanical separation process to 
remove undesired ions from liquid solution is 
developed.  A theoretical model based on the 
fundamental of fluid mechanics and electrical 
separation is developed. A simulation study for the 
electromechanical separation process is carried out. 
The simulation analysis is done for heat stable salt 
removal from amine solution used in gas sweetening.  
The numerical simulation results are obtained to 
examine the efficacy of the developed design. Several 
important parameters i.ethe ratio between inner pipe 
dimeter (ri) to the shell pipe dimeter (Ri) are 
investigated to examine their effect on the process. It 
is found the separation decreases as the ri/Ri 
increases, and it is also found that the concentrate loss 
decreases significantly as the ri/Riratio increases. It is 
also confirmed that the separation efficiency 
decreases with increasing the pipe diameter, and the 
efficiency increases with the increase in pipe length. 

The proposed electromechanical separation process 
can find utilities in various industrial application. 
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