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a b s t r a c t
Studies were conducted to disclose the feasibility of membrane in simulated electroplating rinse 
 wastewater. Single nanofiltration (NF) and reverse osmosis (RO) membrane were carried out under 
different operation pressure, temperature and feed Ni2+ concentration. These four hybrid systems, built 
in concentrate staging, were investigated under optimized conditions. The results demonstrated that 
permeate flux of NF membrane, which was substandard (>0.5 mg/L), was almost double that of RO 
membrane. The values obtained for water recovery were 39.00%, 0%, 20.00% and 18.33%, concentra-
tion ratio were 1.60, 4.90, 2.45 and 2.45. The total exergy loss of four systems was 0.241, 0.460, 0.350 and 
0.362MJ/h for RO–RO, NF–NF, RO–NF and NF–RO system, respectively. The specific entropy produc-
tion (SEP) and unit production water cost were 0.69, 2.01 and 2.19 MJ/m3 and 0.38, 0.46 and 0.50 $/m3  
for RO–RO, RO–NF and NF–RO system, respectively. So RO–RO system had the highest freshwater 
flow rate, lowest exergy loss and SEP, but NF–NF system had the highest concentration ratio and the 
highest exergy loss. In total, RO–NF and NF–RO system integrated the performance of the first two; 
furthermore RO–NF system was superior to NF–RO system as a whole. 

Keywords:  Electroplating wastewater; Reverse osmosis membrane; Nanofiltration membrane; 
Recovery; Exergy; Cost analysis

1. Introduction

The electroplating industry in China produces 4 billion m3  
of rinse water for electroplating parts that causes critical pol-
lution problems [1]. The used rinse wastewater consists of 
many kinds of heavy metals that are toxic and carcinogenic 
as they tend to accumulate in the living organisms [2]. Due 
to increasing environmental awareness and tighter legisla-
tion, wastewater containing heavy metals can no longer be 
discharged into rivers or the sea in most countries. Therefore, 
it is necessary to treat electroplating rinse wastewater prior 
to its discharge.

The conventional treatment processes like chemical 
precipitation, ion exchange, adsorption, coagulation and 

flocculation, electrodialysis have significant disadvantages 
[2,3]. Chemical precipitation generates large volumes of 
sludge of low density, which can contribute to dewatering 
[4] and disposal problems [2]. Ion-exchange resins must be 
regenerated by chemical reagents when they are exhausted 
and the regeneration causes serious secondary pollution [2].

The membrane separation processes, such as reverse 
osmosis (RO), microfiltration, ultrafiltration and nanofiltra-
tion (NF), are now the main options to conventional treat-
ment in order to treat water [5–8]. The latter technologies 
have become increasingly attractive for the treatment and 
recycling of wastewater in metal-plating industry as they 
are highly efficient, easy to operate and cost-effective [9–12]. 
Kamizawa et al. [13] reported a method for recovering gold 
and rinsing water in an electroplating process using an RO 
membrane. Ahn et al. [14] made use of low-pressure NF 
to recycle nickel ion in nickel electroplating rinse water. 
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Mehdipour et al. [15] applied a polyamide NF membrane 
to study the influence of ion interaction on lead removal. 
These methods were used not only to solve the problem of 
heavy metal pollution, but also to deal with the metal loss 
in wastewater. NF membrane used to increase the perfor-
mance of RO membrane and composite NF/RO membrane 
module was studied by many studies [16–18], by exploiting 
the concentrate staging configuration [19,20]. In addition to 
this, increase in recovery employing concentrate staging has 
also been investigated earlier resulting in a significant reduc-
tion in specific energy consumption, henceforth the overall 
system cost [21]. The performance and overall cost of such 
systems have been evaluated on the basis of water recovery, 
rejection capability and energy consumption. However, RO 
membrane needs lower feed concentration and higher oper-
ation pressure than NF membrane, so RO membrane used 
as second stage would consume more exergy but produce 
less freshwater in theory. Besides, the comparison of exergy 
and economic assessment of different hybrid membrane sys-
tems in was not studied by exploiting the concentrate staging 
configuration before. Besides, the study above could help to 
improve wastewater treatment technology.

A pilot study using simulated electroplating rinse waste-
water was introduced to study the performance of NF and RO 
membranes and four hybrid membranes systems, NF mem-
brane as the subsequent RO membrane (RO–NF) system, 

RO–RO system, NF–NF system and NF–RO system were built 
on the basic process. Difference of treatment performance 
among four systems was compared and the effect of opera-
tion pressure, feed temperature and Ni2+ concentration were 
studied. The advantages and disadvantages in many aspects 
were compared in the last part by analyzing these results.

2. Materials and methods

2.1. Experimental system description

The system comprised of a temperature unit, a feed tank, 
two low pressure feed pumps, security filter, a high pressure 
pump and a membranes module. Low pressure pump pro-
vided enough pressure to pass the feed water through the 
security filter to the high pressure pump, which could adjust 
the pressure for the feed water to get through the mem-
brane module. Ultimate permeate and concentrate streams 
were recycled back to tank because of the limit of the oper-
ation scale. Details are depicted in Fig. 1(a). The NF mem-
brane ESNA1-4040 and RO membrane ESPA2-4040 made by 
Hydranautics Company (Oceanside, California, USA) were 
used in the present study. The different operation parameters 
and specifications of these membranes for limiting the range 
of input parameters from official website are illustrated in 
Table 1. 

Fig. 1. Main operation system and four combination forms. (a) Different schemes of hybrid membrane module experimental setup; 
A – feed water tank, B – low pressure pump, C – security filter, D – high pressure pump, E – membranes module, 1 – temperature 
controller, 2 and 2′ – valve, 3 – concentrate stream, 4 – permeate stream. (b) RO–RO system, (c) NF–NF system, (d) RO–NF system 
and (e) NF–RO system.
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In order to maximize the treatment process performance, 
combination sequence was altered three times in the 
experiment. The first hybrid configuration (NF–NF) con-
sisted of high flux NF membrane in first stage and the 
same NF membrane in the second stage (Fig. 1(b)). The 
second combination was double-stage same RO membrane 
(Fig. 1(c)). In the third hybrid configuration (Fig. 1(d)), 
NF membrane was subsequent to RO membrane. And at 
the last stage, the layout of NF and RO membranes were 
exchanged (Fig. 1(e)). The concentrated stream from first 
stage was used as feed water in subsequent stage, and the 
resulting concentrated stream of second stage could be used 
as alimentative electroplating solution after the further 
treatment. Ultimate permeate and concentrate streams were 
recycled back to tank because of the limit of the operation 
scale. Details are shown in Fig. 1(a). 

2.2. Experimental design

Experiment was carried out under different operation 
pressure, feed temperature and feed Ni2+ concentration, so as 
to study the performance of NF membrane and RO membrane. 
Operation pressure ranged from 0.5 to 1.3 MPa, feed tempera-
ture was adjusted from 20°C to 36°C and feed Ni2+ concentra-
tion varied from 250 to 600 mg/L based on the raw wastewater 
from Da Fu Technology Limited Company in Anhui, China. 

In order to study the performance of four systems in 
detail, the process analysis of four systems under certain 
conditions was carried out. Four different kinds of study 

experiments were carried out to maximize water recovery 
and Ni2+ rejection. Moreover, specific entropy production 
(SEP) of membrane process was minimized by using oper-
ation pressure, feed temperature and concentration of feed 
solution as input parameters. 

2.3. Analytical procedure

The concentration of nickel ion was measured by UV–
VIS Spectrophotometer based on National Standard 11910-
89, and the measuring wavelength was 520 nm [22]. The flux 
was measured by using pressure gauges and flow meters, 
respectively, Temperature control unit was used to adjust 
feed water temperature as well as to avoid heat generated by 
system. The detection limit of heavy metal was 0.25 mg/L for 
Ni in the experiment.

Each set of experiments of single membrane system was 
conducted for five times to get a series of data. Deviation 
analysis of the data from same operation condition was car-
ried out, and the deviation was <1%. All the data displayed 
in the section of single membrane system was the mean cal-
culated after data analysis.

Experiments of hybrid membrane system which were 
 carried out in a controlled optimized condition (operation 
 pressure = 0.70 MPa, temperature = 20.0°C, feed flux = 15.0 L/min  
and Ni2+ concentration = 250.0 mg/L) for five times. The 
 standard deviation of a series of data measured and 
 calculated was obtained <1%, so the corresponding mean of 
data was used in the study.

2.4. Exergy theory

In order to calculate energy consumption, the study 
makes use of the exergy, which is part of the energy that 
is convertible into all other forms of exergy and represents 
the useful part of exergy for a system in its environment 
[23–25].

Exergy for a flow stream consist of three parts, namely 
temperature, pressure and concentration contribution 
[25–28]:

Ex Ex Ex ExT P C= + +  (1)

where the temperature, pressure and concentration terms are 
defined as:

Ex G h h T s sT = − − −[( ) ( )]0 0 0  (2)

Ex G
P PP =
−







0

ρ
 (3)

Ex G N RT xC
s= − ( ln )0 1  (4)

where ExT, ExP and ExC stand for exergy provided by tem-
perature, pressure and concentration.

The subscript o stands for reference state; h is the mass 
specific enthalpy, kJ/kg; s is the mass specific entropy, kJ/kg/K; 
To is the preference temperature, K; R is the gas  constant 
(mass base), kJ/kg/K; P and Po are pressure and preference 
pressure, respectively, MPa; Ns is the solvent concentration 

Table 1
Different operation parameters and specification of RO and NF 
membranes used in experiments

Membrane type RO membrane NF membrane

Model ESPA2-4040 ESNA1-4040
Configuration Spiral wound Spiral wound
Membrane 
polymer

Composite 
polyamide

Composite 
polyamide

Maximum operating 
pressure (MPa)

4.14 4.14

Membrane 
filtration area (m2)

7.9 7.9

Maximum 
operating temperature (°C)

45 45

pH range 2–10.6 3–10
Maximum feed flow rate 
(LPH)

60 60

Minimum ratio of 
concentrate to permeate 
flow for any element

5:1 5:1

Maximum pressure drop 
for each element (MPa)

0.1 0.07

Maximum feed water silt 
density index  (15 min)

5.0 5.0

Maximum feed water 
turbidity (NTU)

1.0 1.0
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(mol/kg solution); ρ is the solution density, kg/m3; G is the 
mass flow rate of a stream, kg/h; MWs and MWi are the molec-
ular weight of solvent and of the i-component,  respectively, 
g/mol; ci is the weight concentration of the i-component per 
litre of solution and βi is the number of particles generated by 
the dissociation of the component i in the solution.

N
c

MWs
i

s

=
−∑1000 /ρ

 (5)

And x1 is the solvent mole fraction:
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Besides, using the second law of thermodynamics, the exergy 
balance for a whole plant or system can be written as [25–28]:

RT W Es u x0 = − ∆  (7)

where the left-hand side of Eq. (7) represents the rate of 
entropy production, and is the net exergy difference between 
all inlet and outlet streams of the plant, kJ/h.

Wu is the electrical exergy supplied to the plant:

W G P
u =

∆
ρ

 (8)

where ΔP is the difference between before and after the 
pump pressure, MPa.

SEP is defined as the amount of entropy production per 
unit mass of product water in a membrane desalination plant 
which is equal to the amount of lost work in the desalination 
plant per unit mass of water product:

SEP
R T
Q
s

P

= 0  (9)

where Qp is the rate of water production in the membrane 
desalination plant, m3/h.

The convenience of process with respect to a conventional 
one can be evaluated in terms of the exergitic efficiency of the 
process (ε), defined as:

ε = ⋅
E

E
x

x

output

input

100(%)  (10)

Though Ex, ExT, ExP, ExC, Ns, x1, RsTo, Wu and ΔEx cannot 
be measured directly, their values can be calculated based 
on the measurable parameters, such as mass flow rate of a 
stream (G), temperature (T), pressure (P), concentration (C) 
and density (ρ).

3. Results and discussion

3.1. Performance analysis of single membrane system

3.1.1. The performance of metal recovery

The plots for metal rejection are depicted in Fig. 2. Metal 
rejection almost came to 100% and kept constant with the 

change of pressure from 0.5 to 1.3 MPa for RO membrane, 
while rejection of NF membrane had an obvious down-
trend, from 97.00% to 90.06%, when the operation pressure 
was larger than 0.7 MPa (Fig. 2(a)). The solution–diffusion 
model [29] implied the mass transports by diffusion, while 
irreversible thermodynamic model [30] indicated the trans-
port of mass relied on convection. As mentioned by Van der 
Horst et al. [31], a high diffusive transport of salts through 
the membrane compared with convective transport was the 
reason for low retention at low pressure. With increasing 
pressure, convective transport became more important and 
retention would, therefore, also increase. However, con-
centration polarization would also increase with increas-
ing pressure, which resulted in a decrease in retention. 
Counteracting contributions of increased convective trans-
port and increased concentration polarization resulted in a 
constant retention value for RO membrane in the pressure 
range 0.5–1.3 MPa, but caused the decrease of rejection for 
NF membrane. 

Fig. 2(b) depicts the metal rejection at various tem-
peratures. Although the permeate flux increased with the 
increase of temperature, metal rejection tending to 100% did 
not show any obvious change for RO membrane. But the 
rejection of NF membrane decreased from 96.57% to 95.29%. 
This was because though both the permeability coefficient 
and the permeability constant [29,30] increased with tem-
perature, the mass transfer coefficient of salt and salt per-
meability coefficient enhanced with increasing temperature 
[32]. Consequently, the temperature dependence of salt 
rejection would be determined by a trade-off between tem-
perature dependence of the permeability coefficient [33]. 
The stability of salt rejection of RO membrane as tempera-
ture increases implied that the temperature dependence of 
the permeability coefficient kept balance on that of the per-
meability coefficient while the temperature dependence of 
the permeability coefficient for NF membrane brought the 
decrease of rejection. Metal rejection decreased with feed 
Ni2+ concentration ranging from 250 to 600 mg/L for NF 
membrane (Fig. 2(c)), which was caused by high feed salin-
ity, metal passage increases [34]. However, performance of 
RO membrane still keeps stable regardless of the variation 
of Ni2+ concentration.

Thus, it was evident that there was no significant dif-
ference in terms of rejection of RO membrane under vari-
able operation condition, which was similar to the study of 
Arkhangelsky et al. [35], but the rejection of NF membrane 
decreased obviously. Besides, the rejection of RO membrane 
was higher than NF membrane.

3.1.2. The performance of water recovery

The comparative plots for water recovery are shown 
in Fig. 2. The results in Fig. 2 indicate that water recovery 
increased almost linearly with pressure both for NF and RO 
membrane (Fig. 2(d)). Water recovery increased from 13.33% 
to 38.33% for RO membrane, and about 30.67% to 61.67% for 
NF membrane. The reason for the increase could be explained 
by using the solution– diffusion model [29] and irreversible 
thermodynamic model [30]. According to the above mod-
els, permeate flux increased proportionally to the difference 
between the applied pressure and the osmotic pressure, but 
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solute flux did not. Water recovery increased because higher 
pressure allowed enhanced flow of water through the mem-
brane [36]. As shown in Fig. 2(e), water recovery increased with 
temperature ranging from 20°C to 36°C for both membranes at 
the rate of 0.7 MPa. RO membrane increased from 20.00% to 
32.00% and NF membrane increased from 41.67% to 55%. This 
was because water permeability coefficient increased when 
the temperature was raised [30], which in turn resulted in the 
increase of the permeate flux for both the systems.

However, at low pressure and temperature, water 
recovery decreased with the increase of concentration for 
both membranes (Fig. 2(f)), but the downtrend was inevi-
dent. It was from 20.00% to 18.33% for RO membrane and 
41.67% to 37.33% for NF membrane. The reason for lower 
water recovery was that higher salt concentration caused 
the negative effect of concentration polarization and in 
turn decreased the membrane water flux [37], according 

to the solution–diffusion model and irreversible thermo-
dynamic model. 

3.2. Performance of hybrid membrane systems 

In order to increase the output, a desalination system could 
be modified in various ways. The most common approach was 
to combine one membrane with another in a module and the 
arrangement of the modules was often the key factors affecting 
in treatment performance. Nemeth [38] used a double-stage 
system to improve the performance of a conventional brackish 
water reverse osmosis plant, the average flux was increased 
up to 10%, and the permeate total dissolved solids decreased 
by around 20% by utilizing a hybrid combination of ultra-low 
pressure and conventional membranes.

After the study of two membranes under the operation 
conditions, four hybrid membrane systems were used to 

(a)

(b) (e)

(c) (f )

(d)

Fig. 2. The performance of NF and RO membrane: (a)–(c) Metal rejections at different pressures, temperatures and concentrations 
respectively; and (d)–(f) Water recoveries at different pressures, temperatures and concentrations respectively.
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perform validation run under certain conditions as follows: 
feed Ni2+ concentration 250 mg/L, operation pressure 0.7 MPa 
and feed temperature 20°C. Performance data of the four sys-
tems are shown in Fig. 3. Fig. 3 demonstrates that permeate 
of NF membrane was higher than RO membrane under the 
experimental conditions. However, the Ni2+ concentration (>1 
mg/L) in permeate of NF membrane process exceeded the crite-
rion, which claimed that Ni2+ concentration of reuse water was  
<0.5 mg/L according to the China legislation. But  
Ni2+  concentration in the permeate of RO membrane was  
<0.5 mg/L. Similar phenomenon was mentioned in other 
research [39], which showed that NF membrane ESNA1 was 
not adequate under experimental condition. So the resulting 
permeate stream of NF membrane was refluxed back to the tank 
but permeate stream of RO membrane was reused as counter-
current rinsing water, respectively, as shown in Figs. 3(a)–(d). 

Thus, it could be calculated that water recovery was 
39.00%, 0%, 20.00% and 18.33% for RO–RO system, NF–NF 
system, RO–NF system and NF–RO system, respectively. 
RO–RO system had the largest water recovery followed by 
RO–NF system. NF–NF system produced water with a high 
Ni2+ concentration, so water recovery was equal to 0. When it 
came to water recovery, RO–RO system was the best choice. 
As mentioned previously, RO and NF membrane was about 
20.00% and 0%, respectively, so RO–RO system was better 
than single RO membrane, but RO membrane was similar 
with RO–NF system while a little better than NF–RO system. 

3.3. Metal recovery analysis of the four hybrid systems

Nickel is heavy metal and it is expensive, so the recov-
ery or reuse of nickel can not only decrease water pollu-
tion but also reduce the waste of heavy metal and cost. The 

concentrate stream of membrane was very high and much 
higher than the discharge criterion, but it could be recycled by 
further enrichment. Previously, studies showed the feasibil-
ity of recovery of heavy metal using multi-stage membranes, 
for example, the use of double-stage NF membranes [40]. 
So the metal recovery of two single membrane systems was 
analyzed under the optimized conditions as mentioned pre-
viously. In the split parting systems, the concentrate stream 
of the first pass [38] was fed to the second pass as shown in 
Fig. 3. The figure depicted that metal recovery of RO mem-
brane was higher than NF membrane, this was because the 
rejection and permeate of RO membrane were higher than 
NF membrane according to Fig. 2, so the total mass of ions 
crossing NF membrane was larger than RO membrane. It was 
evident that metal recovery was better when using RO mem-
brane in the second stage.

However, the Ni2+ concentration of concentrate stream 
of NF membrane was higher than RO membrane, thus, NF 
membrane could contribute to get higher concentration 
of metal ions. Besides, the concentrate ratio was 1.25 and 
1.69 for RO and NF membrane, respectively. Considering 
the reuse of heavy metal, Ni2+ concentration of concentrate 
stream in the second stage was the main parameter, which 
determined the metal reuse efficiency of whole system. The 
Ni2+ concentration in the second stage was 400.92, 1,223.91, 
613.25 and 613.68 mg/L and concentrate ratio was 1.6, 4.9, 
2.45 and 2.45 for RO–RO, NF–NF, RO–NF and NF–RO sys-
tem, respectively. So NF–NF system could condense metal 
ion most effectively, and NF–RO and RO–NF system had the 
similar effect to condense metal ion, while RO–RO system 
performed poorly. Furthermore, hybrid membrane systems 
had an advantage in metal recovery in comparison with sin-
gle membrane systems.

Fig. 3. Change of major components at main process for four systems: (a) RO–RO system, (b) NF–NF system, (c) RO–NF system, and 
(d) NF–RO system.
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3.4. Exergy distribution of hybrid membrane systems

In order to analyze energy at main states of systems, 
exergy theory was used to analyze the four processes. Exergy 
evaluations were carried out by using the equations reported 
previously and the experimental conditions were same as 
mentioned before. Four systems contributing to the total 
exergy, the operation parameters and the overall Ni2+ concen-
tration of each stream are reported in Table 2.

Exergy distribution throughout the system components 
was quantified as depicted in Table 2, thereby providing the 
main exergitic parameters calculated for each stream. It was 
easy to find that two systems need only electrical energy, so the 
exergy loss was based on the electrical energy and the intro-
duction of membranes module consumes the most exergy.

As seen from Table 2, there was a total of 0.702 MJ/h exergy 
input to the systems through the pump, which included the 
exergy of stream before the pump based on Eq. (1) and the 
exergy provided by high-pressure pump based on Eq. (8). 
About 76.9% of exergy input was supplied by the high pres-
sure pump and the remaining 23.1% was contributed by the 
feed process, which was not shown in the pictures. Some of 
this exergy was destroyed in the component, and the remain-
ing was discharged from the systems. The exergy destruction 

resulted from the pressure drops in the membrane module. 
Because the first stage was located in same RO and NF mem-
brane, the performance of RO membrane in RO–RO system 
was similar with that in RO–NF system, and the performance 
of NF membrane in NF–NF system was same as it in NF–RO 
system. When process water passed through the first stage, 
the exergies of 0.134 and 0.252 MJ/h were destroyed for RO 
and NF membrane, and these loses corresponded to 19.1% 
and 35.9% of the total exergy input. The transmission of the 
concentrate stream through the first stage membrane resulted 
in 0.67 and 0.68 MPa pressure drop. The concentrate stream 
from the first stage fed into the second stage, and the exergy 
destroyed was 0.107, 0.208, 0.216 and 0.11 MJ/h and these 
loses accounted for 15.2%, 29.3%, 30.8% and 15.7% of the total 
exergy input for the four systems, respectively. Besides, the 
pressure drops from the second membrane were 0.65, 0.62, 
0.62 and 0.64 MPa, respectively. So the total exergy loss of 
four systems was 0.241, 0.460, 0.350 and 0.362 MJ/h, respec-
tively, and accounted for 34.3%, 65.2%, 49.9% and 51.60% of 
exergy input, respectively. The remaining left the systems 
with concentrate stream and the permeate streams. Hence, 
the second law of efficiency of these systems was determined 
by dividing the salinity by the total exergy input provided by 
the pump [41], and it was calculated as 65.7%, 34.8%, 50.1% 

Table 2
Calculated and operative parameters for each stream 

Stream I II III IV V IV

RO–RO system
G (kg/h) 900 900.23 179.72 720.28 561.36 138.88
C (g/L) 0.25 0.25 2.4e–4 0.313 0.401 2.5e–4
P (MPa) 0.1 0.7 0.1 0.68 0.65 0.1
T (K) 293.15 293.15 293.15 293.15 293.15 293.15
Ex (MJ/h) 0.162 0.702 0.03 0.538 0.402 0.029
NF–NF system
G (kg/h) 900 900.23 375.01 525.22 178.1 347.11
C (g/L) 0.25 0.25 8.75e–3 0.423 1.223 3.02e–4
P (MPa) 0.1 0.702 0.1 0.67 0.62 0.1
T (K) 293.15 293.15 293.15 293.15 293.15 293.15
Ex (MJ/h) 0.162 0.702 0.062 0.388 0.122 0.058
RO–NF system
G (kg/h) 900 900.23 179.72 720.28 360.22 360.06
C (g/L) 0.25 0.25 2.4e–4 0.313 0.614 1.07e–2
P (MPa) 0.1 0.7 0.1 0.68 0.63 0.1
T (K) 293.15 293.15 293.15 293.15 293.15 293.15
Ex (MJ/h) 0.162 0.702 0.03 0.538 0.262 0.06
(d)NF–RO system
G (kg/h) 900 900.23 375.01 525.22 360.22 165
C (g/L) 0.25 0.25 8.75e–3 0.423 0.616 3.02e–4
P (MPa) 0.1 0.7 0.1 0.67 0.64 0.1
T (K) 293.15 293.15 293.15 293.15 293.15 293.15
Ex (MJ/h) 0.162 0.702 0.062 0.388 0.25 0.028
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and 48.4%, respectively, using Eq. (10). The largest exergy 
loss took place in NF–NF system, and the lowest was RO–RO 
system. RO–NF and NF–RO system had no significant differ-
ence at exergy loss under the current operation conditions.

Note that the exergy discharged accounted for a big 
proportion of exergy input, if the remaining exergy could 
be recovered, energy consumption would decrease, which 
could reduce the consumption of fossil energy, save the fossil 
energy and reduce the emissions of greenhouse gas as well 
as hydrocarbon pollution. Based on this, the system with less 
exergy loss would have less impact on the environment.

However, though the evaluation of exergy loss was a key 
factor to judge the system, but it was not a determined factor in 
the choice of the solution to be used in desalination operations. 
Production water and brine disposal were two important fac-
tors that should be taken into account. SEP of RO–RO system 
was just 0.69 MJ/m3, but SEP of RO–NF and NF–RO system 
was 2.01 and 2.19 MJ/m3. Since production water flow rate of 
NF–NF system was 0 as studied previously, it was not signifi-
cant to study the SEP. So RO–RO system had the least exergy 
loss and exergy input of NF–NF system was destroyed worst. 

3.5. Economic assessment 

For each flow sheet proposed, an economic evaluation 
had been done by taking into account the major factors 

affecting the product water cost. The operation parameter 
and results for four systems were reported in Table 2. All 
calculations were based on recent data extracted from actual 
field data and from design studies in literature (Table 3) [42]. 
The cost of NF–NF system was not taken into consideration 
because of the low permeate quality according to the above 
analysis in this study.

Table 3
Equations and assumptions for economic evaluation

Electric power cost Ae = c ⋅ w ⋅ f ⋅ m ⋅ 365
where w: special consumption of electric power (kWh/m3); c: electric cost =  
0.2$/kWh; m: plant capacity (m3/d); f: plant availability (=0.9)

Annual labour cost Ala = γ ⋅ f ⋅ m ⋅ 365
where γ: specific cost = 0.03$/m3

Membrane replacement Amem: replacement rate = 10% per year

Maintenance and spare parts Asp = p⋅ m ⋅ f ⋅ 365
where p: specific = 0.033$/m3

Indirect costs 10% of direct capital costs on annual basis

Annual amortization or fixed charge Amortization factor:

α =
+

+ −
i i
i

n

n

( )
( )

1
1 1

Annual fixed charge:
Afixed = α ⋅ DC
where n: plant life = 30 years; i: interest rate = 5%; DC: direct capital cost ($)

Annual cost for chemicals Ache = k⋅ m ⋅ f ⋅ 365
where k: specific chemicals cost = 0.025$/m3

Annual brine disposal cost Abrine = b⋅ B ⋅ f ⋅ 365
where b: specific cost of brine disposal = 0.0015$/m3; B: brine flow rate (m3/d)

Annual profit for the sale of the salts profit = Salt price ⋅ Salt flow rate ⋅ f ⋅ 365
Salt price = 1.89 $/kg

Annual profit for the sale of the freshwater profit = Water price ⋅ Water flow rate ⋅ f ⋅ 365
Water price = 0.89 $/m3

Total annual cost Atotal = Ae + Ala + Asp + Ache + Abrine + Amem

Unit product water cost Aunit,p = Atotal/(f ⋅ m ⋅ 365)

Fig. 4. The comparison of unit production water cost for RO–RO, 
RO–NF and NF–RO system.
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The cost ranged from 0.38 $/m3 for RO–RO system to  
0.5 $/m3 for NF–RO system as illustrated in Fig. 4, which 
implied the correctness of previous studies that in all the 
flow sheets examined, the freshwater cost of membrane pro-
cesses was lower than that of thermal desalination processes 
(1.5 $/m3) [43]. The lower water cost in the RO–RO system 
was due to the higher water recovery, which was based on 
the introducing of standard of water reuse that abandoned 
the permeate of NF membrane. 

4. Conclusions

Based on the study, NF membrane had much higher per-
meate flux but lower rejection than RO membrane. Besides, 
the combination of NF membrane and RO membrane was a 
promising solution to deal with electroplating wastewater, 
and the different configuration could satisfy different need. 
The RO–RO system could help get more freshwater with low 
exergy loss and SEP, and NF–NF system had a better perfor-
mance to condense the metal ion concentration. The RO–NF 
and NF–RO system had a moderate performance, but the 
former was better than the latter in general trend. Besides, 
the cost of was 0.38, 0.45 and 0.50 $/m3 for RO–RO system, 
RO–NF system and NF–RO system, respectively.
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