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Abstract  -  The performance of a flat sheet polyamide nanofiltration membrane in rejection of a binary mixture 
of heat stable salts (acetate and sulfate) from methyl-diethanolamine (MDEA) solution was investigated. The 
effects of pressure and concentration of MDEA solution on rejection of acetate and sulfate ions were studied. 
At MDEA concentration of 20% wt. and pressure of 70 bar, 80% and 98% rejection can be obtained for acetate 
and sulfate ions, respectively. Membrane performance and transport coefficients were investigated using the 
Spiegler-Kedem-Katchalsky (SKK) model, film theory and extended Nernst-Planck (FT-ENP) model. The results 
of the FT-ENP model show accurate agreement with experimental results. This result can be obtained due to 
considering the charge repulsion of sulfate ions. For sulfate ions, both models show errors less than 1% with 
>R2=0.98. In the case of acetate, errors less than 3% (>R2=0.75) and 2% (>R2=0.89) were obtained for the SKK 
and FT-ENP models, respectively.
Keywords: Amine solution; Nanofiltration membrane; Spiegler-Kedem-Katchalsky model; Film theory; Nernst-
Planck equation.

INTRODUCTION

Natural gas often contains impurities such as 
hydrogen sulfide (H2S) and carbon dioxide (CO2) that 
are toxic and cause corrosion in the equipment and 
environmental pollution during burning. Thus, these 
impurities must be removed from the gas to reduce 
the harmful effects. Alkanol amine solutions including 
methyl-diethanolamine (MDEA), monoethanolamine 
(MEA), piperazine (PZ), diethanolamine (DEA) and 
diisopropanolamine (DIPA) are used in sweetening 
natural gas and removing impurities (Jaafari et 
al., 2018; Lu et al., 2017; Najibi and Maleki, 2013; 
Poormohammadian et al., 2015; Qeshta et al., 2015; 
Qiu et al., 2014; Rebolledo-Libreros and Trejo, 
2004; Santaniello and Golemme, 2018). MDEA is 
usually used in the concentration range of 40 to 50% 
for the removal of acid gases in the gas sweetening 
unit (Keewan et al., 2018; Pal et al., 2015). The 

reaction between MDEA and hydrogen sulfide leads 
to the production of MDEAH+ ions and anions such 
as acetate, nitrate, formate, glycolate, chloride, and 
sulfate, etc. The reaction between these anions and 
MDEAH+ forms a stable salt (HSS) that cannot be 
regenerated through heating (Meng et al., 2008; Pal 
et al., 2013). The presence of these salts in amines 
leads to operational problems such as corrosion, 
fouling, foaming, high viscosity, and capacity 
reduction (Cho et al., 2015; Pal et al., 2014; Verma 
and Verma, 2009; Wang et al., 2015). Therefore, the 
removal of HSS ions from the amine solution is very 
important. Various technologies can be used to remove 
stable salts, including ion exchange, distillation and 
electrodialysis (ED) (Bazhenov et al., 2015; Cho et al., 
2015; Dumée et al., 2012; Gao et al., 2015). Another 
effective method for the removal of HSS ions is the 
nanofiltration (NF) membrane process that is rarely 
studied. Distillation has high-energy consumption, 
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low amine recovery and high probability for thermal 
degradation. The ion exchange technique is suitable 
for low salts concentrations. Resin fouling, thermal 
degradation, permanent poisoning and high rate of 
resin consumption can be mentioned as disadvantages 
of this technique. ED has more power consumption 
and waste products than ion exchange and vacuum 
distillation, respectively. Furthermore, selective 
membranes with high chemical stability should be 
used in ED (Dumée et al., 2012).

NF is a pressure-driven membrane process that 
has characteristics between ultrafiltration (UF) and 
reverse osmosis (RO) (Roy et al., 2017; Ryzhkov and 
Minakov, 2016; Wei et al., 2016; Zhao et al., 2016). NF 
has important advantages including lower pressure, 
higher permeate flux, low rejection for monovalent 
ions, high rejection for multivalent ions, and low 
energy consumption (Wei et al., 2016). The rejection 
of ions in NF is mainly based on the size (steric), the 
charge (Donnan exclusion) mechanisms and dielectric 
exclusion (Epsztein et al., 2018; Fridman-Bishop et 
al., 2018; Saliha et al., 2009; Santafé-Moros et al., 
2005; Wei et al., 2018). The removal of HSSs from 
amine solutions was studied by .Lim et al. (2014). 
However, the results were not extended. They used NF 
to concentrate HSSs in MEA solution and found that 
80% of HSS ions with amine rejection less than 7% 
can be removed using NF.

Investigation of the transport mechanisms of ions 
through membranes provides a better understanding of 
membrane performance in ion removal. Therefore, the 
study of HSS ion transport parameters in the amine 
solution by the NF membrane can be helpful in better 
understanding the NF membrane performance and 
rejection mechanism that has not been addressed in the 
literature. The transport mechanisms of ions in water 
through the NF membrane have been studied. Hu and 
Dickson (2006) investigated the performance of the 
NF membrane for fluoride removal from water using 
constant surface electrical potential (ψ), pore radius 
(rP) and pure water permeability (LP) parameters. They 
estimated the membrane parameters by the extended 
Nernst-Planck equation and the Grahame equation 
and observed a good agreement between model and 
experimental data. The effect of the concentration on 
the rejection of ions and transport parameters (Keff 
and Φ) was investigated by Garba et al. (2003). They 
found that the transport parameters increase with 
increasing concentration and the model presented 
a satisfactory agreement with experimental results. 
Predicting the rejection of ions by the pore transport 
model was investigated by Déon et al. (2012). They 
found that the proposed model showed a good estimate 
of ion rejection by Pérez et al. (2017) evaluated 
the differences in rejection of salt by the solution-
diffusion-film model (SDFM). They observed a 

good agreement between model and experimental 
data. Therefore, the SDFM model could be useful 
for evaluating the NF membrane performance. Fang 
and Deng (2014) investigated the effects of operating 
pressure, pH, arsenate initial concentration, ionic 
strength on the membrane performance. They studied 
the transport mechanism by concentration polarization 
film theory and the Donnan Steric Pore Models. Their 
results showed that electro-migration and convection 
transport dominated at high flux and diffusive transport 
dominated at low flux.

The investigation of hydrothermal stability and 
the effect of permeation temperature on the transport 
mechanism of neutral solutes and water through TiO2-
ZrO2 (5/5) NF membranes, based on the Spiegler-
Kedem model were carried out by Anisah et al. (2019). 
They realized that the permeation properties of neutral 
solutes and water according to the Spiegler-Kedem 
analysis were activated processes. Zhang et al. (2019) 
developed a model to investigate the concentration 
polarization and separation performance of a NF 
system. The transport phenomena in NF channels and 
permeation properties through NF membranes were 
evaluated using computational fluid dynamics (CFD) 
and SKK model, respectively. Their model is useful 
for predicting the concentration polarization in NF 
and RO membrane systems and modeling of the solute 
transport. Performance of RO membranes for rejection 
of Cr(VI) and fluoride ions was investigated by the 
combined equations of film theory-Spiegler-Kedem 
(CFSK) and film theory-solution-diffusion (CFSD) 
models by Gaikwad and Balomajumder (2017b). They 
found that there was good agreement between results 
of the CFSK model and experimental results. In other 
work, Gaikwad and Balomajumder (2017c) used the 
NF500 nanofiltration membrane for separation of 
fluoride and Cr (VI). They evaluated the mass transfer 
coefficient and membrane transport parameters using 
the CFSK model. Their model show good correlations 
with experimental results.

In the literature, only parameters and mechanisms 
of ion transport in water solutions have been 
investigated, while HSS ions are present in aqueous 
amine solutions. Thus, the evaluation of ion transport 
parameters in the presence of amine is of particular 
importance. Therefore, in this study, the effects 
of operating pressure and amine concentration on 
permeate flux and HSS ions rejection through a NF-3 
membrane for the binary mixture of acetate and sulfate 
were studied. Rejections of sulfate and acetate ions 
were predicted by the transport coefficients of the 
salt permeability (PS), reflection coefficient (σ) and 
solvent permeability (LP) using the Spiegler-Kedem-
Katchalsky model. Besides, the transport parameters 
including the salt transmittance (Φ) and the effective 
salt transfer coefficient (Keff) were estimated by the 
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proposed model of the film theory and the extended 
Nernst-Planck equation. Then the ion rejection rate 
was calculated by the models and compared to the 
experimental results. 

THEORETICAL BACKGROUND

The transport of ions through membrane pores 
can be explained by the Spiegler−Kedem-Katchalsky 
model that is based on non-reversible thermodynamics. 
This model considered the membrane as a black box, 
without any characterization of the electrical and 
structural properties of the membrane. The basic 
transport equations provided by the SKK model are 
given as follows (Diawara et al., 2003; Hidalgo et al., 
2013; Kelewou et al., 2011; Marchetti et al., 2014; Wu 
et al., 2015):

where a = σ/1 - σ and b = 1 - σ/Ps. The σ and Ps 
parameters can be simultaneously estimated using a 
numerical method from the experimental data of RO 
versus JV.

EXPERIMENTAL

Materials
The NF membrane used in this study was a 

commercial NF-3 membrane that was prepared by 
Sepro Co., USA. According to the manufacturer 
specifications, the NF-3 polymeric membrane has 
three layers including a polyamide surface layer and 
polyester support with a polysulfone substrate. The 
molecular weight cut-off (MWCO) (g/mol) and the 
pore size of the membrane are 250-300 and 0.55 nm, 
respectively. Also, the operating conditions and water 
flux for NF-3 are 50 oC, 83 bar, pH 3-10 and 42 L/
m2h, respectively. According to the negative charge of 
HSS ions, the pH of the amine solution and the size of 
MDEA molecules (119.163 gr/mol), NF-3 membrane 
with negative charge, high chemical resistance and 
suitable pore size was chosen as an appropriate 
membrane for separation of HSS ions. 

Sodium acetate (C2H3NaO2) and sodium sulfate 
(Na2SO4) were purchased from Ghatran Shimi tajhiz, 
Iran. Methyl-diethanolamine (C5H13O2N) was obtained 
from the Ilam Gas Treating Company.

Experimental method
The removal of HSS from the amine solution was 

performed with a flat sheet NF membrane using cross 
flow filtration. It is a circular batch process, in which 
permeate and retentate flows were returned to the feed 
solution to maintain the concentration and volume 
constant during the NF experiment. The schematic of 
the NF set-up is shown in Fig. 1. The effective area 
of the NF membrane was approximately 0.0113 m2. 
The membrane was soaked in distilled water for 24 
h before use. The applied pressure was in the range 
of 50-80 bar. The recovery ratio and feed flow rate 
were kept at 0.45 and 0.693 L/h, respectively, for 
all tests. The temperature of all tests was fixed at 
35 oC. The feed temperature was controlled by cold 

( )V PJ L P= ∆ −σ∆π

( ) ( )S S m P V SJ P C C 1 J C= ⋅ − + −σ ⋅ ⋅

where JV and JS are solvent and solute flux, respectively. 
Cm, CP, and CS are respectively the concentrations 
of solute on the membrane surface, in the permeate, 
and in the solution; ΔP and Δπ are respectively the 
pressure difference and osmotic pressure difference; 
LP is the solvent permeability; PS is the permeability 
of solute; σ is the reflection coefficient. In the SKK 
model: 1) the charge of solute and membrane are not 
considered. 2) The driving force included the pressure 
and concentration gradient. 3) Solute in solution is 
semipermeable for the membrane. 4) σ, PS and LP are 
constants across the membranes. σ is the rejection 
capability of the membrane, which for no rejection and 
rejection of 100% are 0 and 1, respectively.

The observed rejection can be expressed by SKK 
theory as follows (Diawara et al., 2003; Hidalgo et al., 
2013; Kelewou et al., 2011; Marchetti et al., 2014; Wu 
et al., 2015):

( )
( )O
1 F

R
F 1
σ −

=
⋅ −σ

V
S

1F exp J
P

 −σ
= − ⋅ 

 

where RO is the observed rejection and JV is the solvent 
flux obtained from the experimental results. The simple 
forms of Eqs. (3) and (4) are given as follow (Diawara 
et al., 2003; Hidalgo et al., 2013; Kelewou et al., 2011; 
Marchetti et al., 2014; Wu et al., 2015):

( )( )O VR a 1 exp b J= ⋅ − − ⋅
Figure 1. Schematic diagram of the nanofiltration set-
up.

(1)

(2)

(3)

(4)

(5)
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water circulation. Before each test, the membrane 
was washed with distilled water at 20 bar. After 
obtaining stable conditions, permeate samples were 
collected. The pH of the feed solution was about 10. 
Feed solutions contained different concentrations of 
methyl-diethanolamine (20-45 wt. %) and binary ionic 
mixtures. The properties and concentration of ions are 
given in Table 1.

The rejection of ions (RO) and permeate flux (JV) 
were calculated to investigate the performance of the 
membrane by the following equations (Zhao et al., 
2013):

which indicates the negative surface charge of the 
NF-3 membrane at pH 7. On the other hand, the zeta 
potential of NF-3 increased from 31.6 mV to -73.3 mV 
upon increasing the pH from 2.5 to 10.2. Therefore, 
the NF-3 membrane has an extremely negative surface 
charge at a higher pH.

Effect of applied pressure and MDEA concentration
The removal of HSS from amine aqueous 

solutions is important due to its destructive effects and 
reduction of solvent capacity in the process of sour 
gas sweetening. Therefore, it is important to provide 
comprehensive information on the performance of 
the NF process, which can be an optimal way for 
the purification of circulating amine. In this way, the 
effects of pressure on permeate flux and rejection of 
ions in the C2H3O2

−/SO4
-2 binary mixture from 20-45 

wt. % of MDEA solutions were investigated for the 
NF membrane. As can be seen in Fig. 2, permeate flux 
increased with increasing pressure for all of the MDEA 
concentrations. The enhancement of permeate flux is 
due to the increased driving force and overcoming the 
membrane resistance, as expressed in Eq. (1).

As shown in Fig. 2, an increase of the concentration 
of MDEA in the solution leads to a reduction of 
permeate flux. Permeate flux increased from 35.5 to 
83.84 L/h.m2 with increasing pressure from 40 to 70 
bar for 20 wt. % MDEA, while for 45 wt. % MDEA 
the permeate flux increased from 13.64 to 31.32 L/h.m2 
with increasing pressure. This can be due to increased 
osmotic pressure with increasing amine concentration 
according to the Van’t Hoff equation. The Van’t Hoff 
equation is (Nakari et al., 2016):

* Kelewou et al. (2011).

Table 1. Properties and concentration of ions in feed 
solution.

( ) P
O

F

CR % 1 100
C

 
= − × 
 

V
VJ

A.t
=

where CF , CP, V (l), A (m2) and t (h) denote the feed 
concentration, permeate concentration, permeate 
volume, effective membrane area and time, 
respectively. The concentrations of ions in the permeate 
samples were measured using an ion chromatography 
instrument (I.C., metrosep a SUPP 5-250).

Membrane characterization
The surface zeta potential of the NF-3 membrane was 

specified through streaming potential measurements 
with the SurPASS electrokinetic analyzer (Anton 
Paar, Austria). The streaming potential was carried out 
using 1 mM aqueous KCl solutions at 25.0 °C and pH 
ranging from 2.5 to 10.2. pH was adjusted by titration 
of the KCl solution with 0.1 M NaOH and HCl. Then, 
the surface charge and the isoelectric point of the NF-3 
membrane were specified.

RESULT AND DISCUSSION.

Membrane characterization
The zeta potential as a function of pH for the NF-3 

membrane is presented in Table 2. It is evident that the 
isoelectric point of the NF-3 membrane is at pH 5.06, 

Table 2. Zeta potential of the NF-3 membrane versus pH value.

CRTπ =

In this equation, π is osmotic pressure (kPa), C is 
the concentration of MDEA in solution (mol/L), R is 
the gas constant (8.314 kPa.L/K.mol), and T is the 
temperature (K). In this work, the osmotic pressure 
of ions is negligible due to the higher concentration 
of amine and ions. Therefore, the osmotic pressure 
in this study is the osmotic pressure of the amine 
solution. Osmotic pressure data are reported for 
various concentrations of MDEA at 35 oC in Fig. 3. 
Therefore, increasing concentrations of MDEA result 
in increasing osmotic pressure and lead to a reduction 
in permeate flux (Eq. (8)).

The rejection of the C2H3O2
−/SO4

-2 binary mixture 
from MDEA solutions (20-45 wt. %) by the NF 
membrane is presented in Fig. 4(a-b). The pressure 
did not have a significant effect on the rejection rate 

(6)

(7)

(8)
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the other hand, although, according to Eq. (1), the 
linear variation of the solvent flux with increasing 
pressure specifies that the concentration polarization 
is negligible; the nonlinear variations in flux versus 
pressure in Fig. 2 shows the concentration polarization 
on the membrane side. Thus, the combination of 
both the convective mechanism and concentration 
polarization caused an insignificant rejection of ions 
by the membrane with increasing pressure (Fig. 4(a-
b)).

Fig. 4 shows that the rejection of sulfate and acetate 
ions decreased with increasing MDEA concentration 
from 20 to 45 wt. %. This can be due to the solvent 
flux decrease and an increase in the flux of ions with 

Figure 2. Influence of applied pressure on the permeate 
flux for different concentrations of MDEA (Feed flow 
rate: 0.693 L/h, Temperature: 35 oC, pH: 10).

Figure 3. Osmotic pressure versus concentration of 
MDEA solution obtained from the Van’t Hoff equation.

of sulfate and acetate ions from 20 and 30% MDEA 
solutions, but for 45 wt. % solutions of MDEA, 
increasing pressure slightly increased the rejection rate. 
The rejection of sulfate ions from 82.34 to 94.46% and 
the rejection of acetate ions from 31.8 to 40.92% for 
45 wt. % MDEA increased with increasing pressure 
from 50 to 80 bar. With increasing pressure, ion flux 
and water-MDEA flux are uncoupled, and convection 
becomes the dominant mechanism. Increasing 
operating pressure lead to a higher increment of 
solvent flux than ion flux due to the solution-diffusion 
mechanism (Gaikwad and Balomajumder, 2017a; Wu 
et al., 2015). Therefore, the concentration difference 
between the bulk and the surface layer of the feed 
increased with increasing pressure and led to an 
increase in the rejection rate (Dixon et al., 2011). On 

Figure 4. Influence of pressure on the rejection of a: 
acetate and b: sulfate at different concentrations of 
MDEA (Feed flow rate: 0.693 L/h,Temperature: 35 oC, 
pH: 10).

A.

B.
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increasing MDEA concentration. Also, the rejection 
of divalent sulfate ions was higher than monovalent 
acetate ions at all amine concentrations. This can be 
due to the larger hydration radius and hydration energy 
of sulfate ions (Table 1). The higher hydration energy 
of ions provides a higher rejection of ions(Kelewou et 
al., 2011). 

Estimation of transport parameters
As the transport parameters of ions in amine 

are unknown, the SKK model was used to predict 
the membrane parameters. The PS and σ transport 
parameters were calculated by fitting the experimental 
data with the nonlinear Eq. (5). For this purpose, RO 
was plotted as a function of JV. The PS and σ values for 
acetate and sulfate ions were estimated in 20-45 wt. % 
of MDEA solution, and are presented in Table 3. The 
results showed that the reflection coefficient of sulfate 
ions (σ = 0.99) was higher than acetate ions at all the 
concentrations of MDEA. The results revealed that the 
transfer of acetate ions was carried out simultaneously 
by two mechanisms of diffusion and convection, 
whereas the transfer of sulfate ions occurred mainly 
by the convection mechanism. According to Eqs. (3) 
and (4), the ion rejection increases with increasing 
solvent flux and, at an infinitely high solvent flux, 
the reflection coefficient reaches a limiting value. 
The diffusive transport of ions can be neglected in 
the higher solvent flux, and the reflection coefficient 
indicates a characteristic of the convective transport 
of ions. Therefore, the convection mass transfer 
is a dominant mechanism for the σ value of 100% 
(Kelewou et al., 2011). Also the reflection coefficient is 
a characteristic of the rejection ability of ions through 
the membrane. Therefore, a higher σ for sulfate ions 
can be due to their higher hydration energy. On the 
other hand, the reflection coefficient of acetate ions 
decreased from 0.8 to 0.43 with increasing MDEA 
concentration from 20 to 45 wt. %, which can be due 
to increased transfer of ions across the NF membrane 
with increasing MDEA concentration. Also, the solute 
permeability (PS) for acetate was higher than sulfate 
due to the higher rejection of sulfate ions. On the other 
hand, permeability increases with increasing MDEA 
concentration due to increased ion transfer through the 
membrane with increasing MDEA concentration.

The solvent permeability was estimated with Eq. 
(1) by fitting the plot of permeate flux versus (ΔP – 
σΔπ) (Fig. 5). The results obtained are presented in 
Table 3. As can be seen, the solvent permeability was 
reduced with increasing concentration of amine in 
the feed solution from 1.53 to 0.62 L/h.m2, due to the 
osmotic pressure increase with MDEA concentration, 
thereby reducing solvent flux.

Finally, the rejection rates of the SKK model were 
calculated using Eq. (5) and σ and PS obtained (Table 

Table 3. The σ, Ps and LP parameters obtained from the 
SKK model at different concentrations of MDEA.

Figure 5. Fitting of solvent permeability for different 
concentrations of MDEA.

3). Acceptable agreement (correlation) between model 
results and experimental data can be seen in Fig. 6. This 
model show errors less than 1% (>R2=0.98) and 3% 
(>R2=0.75) for sulfate and acetate ions, respectively.

Since in the SKK model the charge of ions and 
membrane is not taken into account,.Garba et al. 
(1999) presented a model according to the film theory 
and the extended Nernst-Planck equations. The model 
is presented as the following equation:

( )O V
eff

1ln 1 R J ln
K

− = − + Φ

This model computes the transport parameters, 
including the ion transmittance (Φ), and the effective 
ion transfer coefficient (Keff). The model parameters 
were estimated by plotting ln (1-RO) versus JV. The 
fitted plot is presented in Fig. 7 and the calculated 
parameters values are given in Table 4. With 
increasing MDEA concentration in the feed solution, 
the effective transfer coefficients (Keff) of sulfate 
and acetate ions were reduced from 56.15 to 16.68 
L/m2h and from 223.1 to 130.4 L/m2h, respectively, 
but the ion transmittance (Φ) of sulfate and acetate 
ions increased from 8.15% to 41.59% and 28.43% to 
75.78%, respectively. The percentage of ions passing 
through the NF membrane is strongly dependent on 

(9)
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the ion transmittance (Φ), especially when the solvent 
flux is near zero (Garba et al., 2003). Therefore, 
the solvent flux decreases with an increment in the 
MDEA concentration and the transfer of ions through 
the membrane increases due to increasing diffusion 
transport. Thus, the ion transmittance (Φ) increases, 
and the effective transfer coefficient (Keff) decreases 
with enhancement of the MDEA concentration. Also, 
sulfate ions were more rejected than acetate ions due 
to their divalent charge and higher hydration energy 
(Table 1). Therefore, sulfate ions have lower Keff and 
Φ than acetate ions.

In order to compare the experimental data and the 
model, the rejection rate was calculated using the model 
parameters (Table 4) and Eq. (9), and are presented in 
Fig. 8. As can be seen in Fig. 8, the proposed model 
of the film theory and the extended Nernst-Planck 
equations agree better than the SKK model for sulfate 
ions, which can be due to considering the divalent 

Figure 6. Theoretical and experimental rejection for a: acetate and b: sulfate at different concentrations of MDEA.

A. B.

Figure 7. Estimate of model parameters from the ln (1-RO) versus JV curve for a: acetate and b: sulfate at different 
concentrations of MDEA.

A. B.

Table 4. Transport parameters Keff and Φ obtained 
from the model for acetate and sulfate at different 
concentrations of MDEA.

charge of sulfate ions in the model. The FT-ENP 
model show errors less than 1% (>R2=0.98) and 2% 
(>R2=0.89) for sulfate and acetate ions, respectively.

The accuracy of the model can also be estimated 
by determination of the R-squared and adjusted 
R-squared. The R2 and R2

adj measure the variability in 
the response values and the fraction of variation of the 
response explained by the model adjusted for degrees 
of freedom, respectively.
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Generally, the results evidence that both the SKK 
model and FT-ENP model could be useful and practical 
models for predicting the ion rejection of the amine 
solutions by the NF membrane, as well as examining 
the transport parameters of ions.

CONCLUSION

In this work, rejection of the binary mixture of 
acetate and sulfate ions and permeate flux, at different 
concentrations of MDEA solution (20-45 wt. %), 
were studied by using commercial NF-3 nanofiltration 
membrane in a variety of operating pressures (40-80 
bar). The results showed that the permeate flux increased 
for all of the MDEA concentration range with increasing 
pressure. However, with increasing concentration of 
MDEA, from 20 to 45 wt. %, the permeate flux reduced 
due to increased osmotic pressure. The results of ion 
rejection showed that the increase in pressure has an 
insignificant effect on the rejection of acetate and sulfate 
ions for MDEA solutions of 20 and 30 wt. %, which 
could be due to convective transfer and concentration 
polarization within the membrane. However, for 45 
wt. % solutions of MDEA, the rejection rate slightly 
increased with increasing pressure. At a MDEA 
concentration of 20% wt. and pressure of 70 bar, the 
maximum rejections of 80% and 98% were obtained for 
acetate and sulfate, respectively. 

The performance of the NF membrane in the 
removal of HSS ions from the MDEA solution was 
investigated by the transport parameters (σ, PS and 
LP) of the SKK model through experimental data. 
The reflection coefficient for acetate ions decreased 
with increasing MDEA concentration due to reducing 
the rejection rate, while the reflection coefficient 
(σ =0.99) of sulfate ions remained constant with 
increasing MDEA concentration due to the high 
rejection of sulfate ions. Since the SKK model does 
not consider the charge of ions and membranes, the 

FT-ENP equation was also used to calculate transport 
parameters (Keff and Φ) and to predict rejection. The 
rejection rates were calculated from the transport 
parameters and the two models compared with the 
experimental data. A satisfactory agreement between 
the calculated and experimental rejection curves was 
observed for the two models. For sulfate ions, the FT-
ENP model has a better agreement (with error less 
than 1% and >R2=0.98) due to consideration of the 
repulsion between the divalent charge of sulfate ions 
and the membrane.
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