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ABSTRACT

The lack of freshwater supply in the rural coastal village in Chile has motivated the implementation
of a pilot-size nanofiltration desalination plant. The objective of this study was to evaluate the sea-
water and brackish water desalination system using two-pass nanofiltration. The system achieved
a permeate recovery of 21.0 L/(m?h) and 51.3 L/(m?h) in the first pass at 40 bar and in the second
pass at 15 bar, respectively. As the quality of water obtained in the first pass was satisfactory, it was
mixed with water from the second pass, resulting in safe drinking water that conforms to local and
international standards. At present, this system supplies drinking water to a coastal village of Chile
and can be used to treat different types of brackish water and be coupled with renewable energies.
It can provide potable water at a cost of US $ 0.70/m? which is a competitive price considering the

small size of the system.

Keywords: Desalination; Nanofiltration; Pilot plant; Drinking water

1. Introduction

Lack of water resources for consumption and industrial
use is one of the greatest concerns worldwide. According
to the United Nations Educational, Scientific, and Cultural
Organization (UNESCO), it has been estimated that two-
thirds of the world’s population will be living under water
stress by 2025 [1]. Chile has some of the driest areas in
the world, and the human activities in these areas require
large volumes of water, resulting in high water scarcity
that has led to environmental degradation, conflicts and
reduced industrial productivity [2]. For instance, desalina-
tion is playing a fundamental role to face the problem of
water scarcity in northern Chile, where conventional water
resources are very limited or even non-existent [3].

Methods such as seawater desalination can be used
to solve this problem. Desalinated water production has
grown rapidly in the past decade, especially in arid coastal
zones. The total installed capacity increased by 57% annu-
ally between 2008 and 2013, achieving a production level
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of 80 million m’/d of water in 2013. According to the
International Desalination Association (IDA), there were
around 16,000 desalination plants in operation in 150
countries by 2015, producing 90 million m®d of desali-
nated water [4,5]. Desalination costs have dropped by 50%
in recent decades because of the development of new and
modified membranes, and the implementation of energy
recovery systems. Which makes membrane technology
increasingly attractive compared to other alternatives [6].
At present, the desalination industry is dominated by
reverse osmosis (RO) [7]. This membrane-based process
exceeds the installed capacity of thermal systems (multi-
stage flash evaporation and multiple-effect distillation),
which are widely used in the Gulf Cooperation Council
(GCC) and the Middle East-North Africa (MENA). Great
efforts have been made to improve efficiency and reduce
energy consumption in desalination processes. However,
the implementation of seawater desalination systems con-
tinues to be a challenge due to the operating costs associated
with high operating pressures and fouling by divalent ions [8].
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Nanofiltration (NF) is considered as an effective mem-
brane process [9-11]. The pore sizes of NF lie between those
of RO and UF membranes. NF operates at lower trans-
membrane pressures (TMP), generates greater permeate
fluxes, and requires lower investment costs as compared
to RO. Additionally, NF has a high removal (high rejec-
tion) of divalent ions, especially anions [12]. Due to all
these characteristics, NF is gaining importance in seawater
desalination [13]. There are some alternatives based on the
use of NF for seawater desalination, such as the two-stage
nanofiltration process developed by Gouellec [14]. This
technique reduces energy consumption by up to 20%-30%
as compared to RO [15]. It was reported to be applied at
a production scale in Long Beach (USA), obtaining a flow
of 1,135 m’/d of drinking water. TMP of each NF stage
significantly affects the generated water flow and total
dissolved solids (TDS) of the water within the operational
parameters considered in this system [16].

NF is a very complex process that depends on micro-
hydrodynamics and interfacial events that take place on
the membrane surface and inside the nanopores. In this
process, a combination of steric, Donnan, dielectric, and
transport effects causes rejection. The dissociation of ion-
izable groups on the membrane surface and inside the
pores generates the charge in the membrane [17]. The dis-
sociation of these surface groups strongly depends on the
pH of the contact solution; the membrane can exhibit an
isoelectric point at a given pH when membrane surface
chemistry is amphoteric [18]. NF membranes also have a
weak ion-exchange capacity. Therefore, some ions can be
adsorbed on the membrane surface, thus causing a slight
modification in the surface charge [19]. Electrostatic repul-
sion or attraction occurs according to ion valence and the
fixed charge of the membrane.

Membrane fouling is a key factor affecting both the
competitiveness and effectiveness of the process in terms
of costs. Fouling can cause negative effects, such as flux
decrease (productivity loss), increased operating costs due
to increased energy demand, increased membrane main-
tenance, and cleaning, excessive chemical use, and even
reduced membrane lifetime. Therefore, effective foul-
ing control and mitigation are crucial to reducing these
adverse effects. Removing the largest possible amount
of water contaminants associated with the phenomenon
before the NF operation is a widely used strategy to pre-
vent fouling. Moreover, microfiltration (MF) is considered
as one of the most frequently applied operations, even
though there are different pretreatments in NF and RO
operations [20].

This study focuses on the implementation and eval-
uation of a pilot-scale desalination system using two-pass
nanofiltration to determine optimal operating conditions
for seawater and brackish water desalination. The improved
NF process (Chilean Patent N° 52855, 2013-2033) presents
an adaptable modular system with operational flexibil-
ity. Thus, it can be used for seawater and brackish water
and allows to obtain drinking water, or water for a range
of industrial and domestic purposes that conforms to local
regulations (NCh.409) and guidelines of the World Health
Organization (WHO), to supply coastal communities with
no access to drinking water. As it is a flexible modular system
of low production, applications of membrane technology
to renewable energy generation can also be considered.

2. Materials and methods

2.1. Characterization of the seawater and brackish water used in
the tests

The coastal area of the Bio Bio Region, Chile, was used
to supply seawater for the tests in this study. The character-
istics of the seawater and brackish water used in the tests
are shown in Table 1.

In Table 1, all analyses were carried out according to
standard methods [21] in triplicate.

2.3. Desalination plant

A diagram of the operation using two-pass NF in a
series is presented in Fig. 1.

The system has a capacity to process up to 9 m’/h of
seawater or brackish water.

As the system operates continuously, the pretreat-
ment was a microfiltration stage, a stage that involves
FeCl, dosing, and the subsequent removal of precipitates
in prefiltering. A prefilter (Clack, model YTP2472-4) filled
with commercial “clinoptilolite-zeolite” sand was used
for precipitate removal. The MF cut off was 1-um tubular
filters (twin pure, polyethylene).

Vitec 4000 (San Diego, United States) antiscalant (4 ppm)
was added continuously to reduce scaling formation after
the first pass of nanofiltration at the permeate flow. After
passing through the MF, turbidity values were lower than
those recommended by the manufacturer of the NF90 mem-
brane (DOW Chemical, Michigan, United States). Therefore,
the input water met the quality requirements needed to
ensure a safe and stable process.

In the first pass of nanofiltration, two modules were
operated in parallel. Each module consisted of three

Concentrate Concentrate

First pass Second pass
Seawater/ 30 - 40 bar . NANOFILTRATION 10-20bar | NANOFILTRATION .,  Product
Brackish —| MF UNIT First pass Second pass (Drinking water)
water NF-1 NF-2

Fig. 1. Scheme of the desalination system using two-pass nanofiltration in series.
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membranes, each with a 7.6 m? active surface (NF90-4040).
The first pass allowed operation at a maximum pressure of
40 bar with recovery between 20% and 25% depending on
the feeding condition (salinity and temperature of seawater
and brackish water used) and the salinity of rejection for
its least impact on the environment. In the second pass of
nanofiltration, two modules were operated. Each module
consisted of the same type of membranes as in the first pass.
The second pass allowed operation at a maximum pressure
of 15 bar and was designed to reach a recovery of 70% of
permeate from the first pass.

Second-pass NF concentrate was recirculated toward the
seawater or brackish water feed because it had low conductiv-
ity and turbidity. This recirculation was done to dilute fresh
seawater or brackish water and increase salt rejection at the
first-pass NF, and also increase recovery and the use of the
total water that entered in the second pass. The product water,
which conforms to the local standard NCh.409 for drinking
water quality, was produced by partially mixing water gener-
ated in the first pass with that generated in the second pass.

2.4. Theory equations

The permeate water flux was calculated as:

AV
A, At

Jo @

where AV/At is the permeate volume over time and A is the
effective filtration area. The hydraulic permeability constant
(k,) was determined using the following expression:

Lo
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where AP is operational pressure.

Conductivity removal efficiency and ions removal effi-
ciency of seawater were calculated using the expression
given below:

R=|1-S2 |x100 3
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where C y is the ions conductivity of feed liquid, and Cp is the
ions conductivity of permeate liquid.
Finally, water recovery efficiency can be expressed as:

v=| £ |x100 @)
Q

where Q is the amount of permeate (L/h) and Q, is the quan-

tity of feed (L/h). '

3. Results and discussion
3.1. Plant assays with seawater

3.1.1. Determination of the operating pressure in the first pass
of NF operating continuously

In order to define the standard of the water pro-
duced, optimal operating conditions in the first pass were

determined based on the energy consumption under contin-
uous operation. Afterward, the variables that allow the great-
est possible product flow at the lowest operational cost in the
second pass of nanofiltration were also determined based
on the specifications of NCh.409 and the WHO guidelines.

During the six months of continuous operation, charac-
teristics of the seawater were maintained constant. The
conductivity and pH values of the seawater used in this
study are provided in Table 1.

The variation in the feed pressure for NF-1 was stud-
ied during the continuous operation, keeping the rest of the
operational variables constant.

As shown in Fig. 2, as the motive power of the feed
flow overcomes, the osmotic pressure of the system and the
exerted TMP affect the permeate flux [22]. A pressure of up
to 40 bar was used as the maximum operating pressure of the
NF90 membranes. The diffusion and convection phenomena
produced solute transport through a nanofiltration mem-
brane. The process of convection prevailed over diffusion at
greater pressures, thus increasing the permeate flux [23].

Electrical conductivity was measured at a 1 h inter-
val in triplicate for the different working pressures. Fig. 2
shows the salt separation obtained in the first pass. It can
be observed that the salt conductivity of the permeate
decreases with an increase in the pressure of the system [23].
No concentration polarization effects were observed at pres-
sures near 40 bar [22]. At high pressures (36—40 bar), the per-
meate quality obtained with the membrane was within the
expected range, and it was similar to that obtained at lower
pressures in biologically treated water [24]. Moreover, high
crossflow velocity causes a decrease in electrical conduc-
tivity, thus preventing salt from compacting on the rough
membrane and allowing better rejection [25].

Table 1
Composition of the seawater and brackish water used in the tests

Parameter Unit Seawater Brackish
pH - 7.4 +0.35 7.4-7.6
Conductivity uS/cm 51,000 £200 29,000-33,000
Hardness mg CaCO,/L 8,137 +20 -
Turbidity NTU 3.36 £1.52 6.46 + 0.45
Total suspended mg/L 13+1.5 -

solids
TDS mg/L 32,640 19,800
Chloride mg/L 19,350 +425 11,310
Sulfate mg/L 2,719 + 416 1,590
Nitrate mg/L <0.023 -
Boron mg/L 5.48 +0.07 -
Sodium mg/L 11,080 +28 7,300
Magnesium mg/L 1,672 +5.4 -
Manganese mg/L - 0.20
Calcium mg/L 502 0.6 -
Iron mg/L - 0.8
Potassium mg/L 516 +2.2 -
Ammonium ug/L 130 + 14 -
Silicon oxide mg/L 3.70+2.8 0.038
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Fig. 2. Effect of pressure on the permeate flux, energy con-
sumption and conductivity in the first pass of seawater nano-
filtration. Error bars represent 95% confidence interval of three
measurements.

The specific energy consumption (SEC) of the first pass
decreased with the applied pressure because the first pass
was coupled with an energy recovery device, which uses
the rejection energy of this pass to raise the feed pressure
increasing the pressure of 67% of the feed flow with 94.7%
efficiency according to its manual (PX-30S, ERI). As in RO
in nanofiltration energy is recovered and in addition, only
a high-pressure pump is required to boost only 33% of the
feed water. Liu et al. [16] observed a similar trend in the two-
pass nanofiltration in terms of the reduction in the SEC of the
process with operational pressure.

Salt rejection in NF-1 was between 91% and 93% for
sodium chloride and chloride ions, respectively (Table 2).
Despite the high separation, the chemical analysis revealed
that water composition did not comply with the Chilean
standard NCh.409 and the WHO guidelines for drinking
water quality. Therefore, the second pass of nanofiltration
was necessary to achieve the required quality of the prod-
uct. In addition to the low SEC and the greater recovery rate
of the NF-1 pass (22.5%), lower product water conductivity
is achieved at a pressure of 40 bar (Fig. 2). Recovery was
not increased to avoid a high saline rejection and there-
fore a greater environmental impact in protected areas. As
in RO, it is possible in nanofiltration with the same high-
pressure pump without higher energy consumption, only
increasing the area of membranes reach recoveries between
45% and 50%.

3.1.2. Determination of the operating pressure in
the continuously second pass of NF

The increase in the operating pressure resulted in an
increase in the flow of produced water while operating inde-
pendently in the NF-2 pass. Fig. 3 shows that an increase in
the pressure in the second pass of nanofiltration produced
an increase in the total water produced by the pilot plant
during the continuous operation of the system.

The characteristics of the water product obtained in
the tests are shown in Table 3. The water product quality
complies with the specifications of the Chilean standard
NCh.409 and the WHO guidelines.

Table 2
Chemical analysis of the first pass permeates with a recovery of
22.5%

Parameter Unit Result
pH - 6.8+0.2
Conductivity uS/cm 4,500 + 19
Hardness mg CaCO,/L 245+5
Chloride mg/L 1,350 + 24
Sulfate mg/L 57+0.7
Nitrate mg/L 0.4+0.05
Boron mg/L 1.45+0.15
Sodium mg/L 2,500 + 24
Magnesium mg/L 24+3
Calcium mg/L 10+1
Potassium mg/L 125+9
Ammonium ug/L 0
Carbonate mg/L 0
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Fig. 3. Effect of pressure on permeate flux, conductivity and
total energy consumption in the second pass of seawater nano-
filtration (NF-2). Error bars represent 95% confidence interval of
three measurements.

Additionally, a significant reduction in boron concen-
tration was observed in the product water (Fig. 4). In fact,
seawater naturally contains an average concentration of
4.6 mg/L for this metalloid [26]. At a global level, various
standards specify a maximum limit for boron though this
parameter is not regulated by the Chilean standard NCh.409.
For example, a limit of 1 mg/L is established by the EU [27].
The average boron concentration achieved by the pilot plant
is below this limit. High boron concentrations have been
observed in drinking water samples and urine samples of
people in northern Chile [28].

3.2. Plant assays with brackish water
3.2.1. Plant performance without recycling stream of rejection

The characterization of brackish water indicates low
iron content and a lower salinity range than that of seawater
(Table 1).
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Table 3
Total monovalent salt rejection in the two-pass nanofiltration process
Sample TDS Cl- NaCl
pH
(mg/L) (mg/L) (mg/L)
Feed 35,240 + 104 19,350 + 287 28,150 + 63 7.4+03
Permeate 1: 40 bar 2,230 £ 27 1,350 £ 24 2,150 + 15 6.8+0.2
Permeate 2: 15 bar (product water) 122+9 72+5 119+ 11 6.9+0.2
NCh.409 standard <1,500 <400 - 6.5-8.5
WHO standard <1,000 <250 6.5-8.5
% First pass rejection 93.65 93.02 91.04 -
% Total rejection 99.65 99.63 99.50 -
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Fig. 4. Total salt rejection in the two-pass nanofiltration process. 88 - 5.0
X
As in the case of seawater, in the first pass of nanofiltra- .?86' B 4'5'5'
tion, the feeding pressure was varied while maintaining the = - 7
other constant conditions and the effect on the operation was % 84- L 405
observed. - =
In Fig. 5, as in the case of seawater, permeate flux increases 82 | 35
linearly with increased pressure, without observing that
the critical pressure has been reached [29]. Therefore, like
the case of seawater, it was selected as an operating pres- 80 T T T T T T T T 3.0
40 50 60 70 80

sure 40—41 bar in the first pass of nanofiltration, where the
conductivity of 3.27 mS/cm is obtained.

As shown in Fig. 6, as time passes the water recovery
was diminishing. The first days the recovery rate reached
30% until reaching the last days at 13%. On the other hand,
the resistance to the transfer of matter shows a constant
increase during the 100 d of operation.

The values of conductivity of the water permeate of the
NF-1 were practically constant in the time. Although the
membrane presented clogging, it still was able to remove
high amounts of salts and of the slits that were not retained
by the pre-treatments, thus, maintaining a high quality of
the water

The SEC of NF pass 1 increased, due to the reduction
of the permeate flux. In the beginning, it was 6.9 kWh/m?
(day 7) and ended with 9.09 kWh/m? (day 31).

The average permeate flow was 1.24 m’/h (27.2 L/m?h),
thus, the energy consumption per cubic meter of water was

Jner [LI(m? h)]

Fig. 5. (a) Effect of pressure on the permeate flux and energy
consumption (E) and (b) effect of permeate flux on the conduc-
tivity and ions rejection in the first pass of brackish water nano-
filtration. Error bars represent 95% confidence interval of three
measurements.

9.84 kWh/m® a consumption greater than that recorded of
9.28 kWh/m?® using seawater, explained mainly by the pres-
ence of colloidal material in the supply water, which affected
over time the permeability of the membrane (Table 1,
turbidity).

3.2.2. Plant performance with recycling stream of rejection

Pretreatment was modified including two 5 pm micro-
filters, in addition, the water storage capacity of the first
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Fig. 6. Mass transfer resistance (fouling) and water recovery
during 100 d of continuous operation.

pass of nanofiltration was increased to double and the
rejection current was recycled. All these changes were
reflected in the autonomy of the plant and greater water
production. The permeate flow showed the same linearity
ratio in relation to the increase in pressure than the case of
the operation without the recycling of rejection.

After one month operating with recycling, the energy
consumption was maintained constant (approximately
12.7 kWh/m?), with the respective elevation compared to
the curve obtained from the operation without recycle, due
to the lower permeate flow produced with the same energy
consumption (Fig. 7). It can be deduced that the effect of the
recycle also did not mean a change in the permeate flow of
pass NF-1, at least in the time that remained in operation.

In Fig. 8 it is observed that the energy consumption
of the pass NF-1 with recycling is of 12.7 kWh/m® (with
0.96 m*/h of permeate), compared to 9.24 kWh/m? that was
previously obtained at the end of the pass NF-1 without
recycle (also with one month of operation). The difference
is explained by the increase in the content of solid mate-
rial in the feed to the plant, which increases the fouling
in the membrane affecting finally the flow of permeate.
Although these energy levels coincide with previously
reported data for plants of this size (<250 m’/d) [14,15],
they are higher than those achieved by large-size RO
desalination plants (>10,000 m3/d) [30]. It is important to
note that the SEC indicated here corresponds to all the
energy involved from the extraction of water at the source
to the final product, and is also high by the low recovery
when compared to a conventional system where recovery
can reach 50%.

With regard to the operation of the second pass NF-2,
the productivity remained constant in time because the feed-
ing presented a low iron content and the turbidity of the
watermarked practically 0.0 NTU.

The global recovery increased from 20.5% (Fig. 9) with-
out recycling stream of rejection to 22.5% with recycling.
The explanation for this increase is related to the mixture
of the permeated product that was mostly done with what
was obtained in the second pass NF-2, which did not pres-
ent variations. It was obtained 0.87 m’/h (14.5 L/min) in
the pass NF-2 and was mixed with flows between 0.36 and
0.24 m*h (6 and 4 L/min) of the first pass NF-1, obtaining
in this way the greater quantity of water produced.

60
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Fig. 7. Variation of permeate flux against time during pass NF-2.
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Fig. 8. Comparison of the energy consumption ratio by m? of
water permeated in pass NF-1, when operating the plant with
and without recycling of rejection.

If the two alternatives of operation of the plant are
compared, it is concluded that the alternative with which
it was obtained higher production times corresponds to
that which includes recycling of the current of rejection
(Fig. 10). However, this led to higher energy consump-
tion than by operating the plant without recycling and
forced membrane work since it was prematurely capped
(by concentrating more salt in the inlet water), but it
is justified by the fact to get a more permeated product
in the day. The following figure is presented to have a
quick comparison between the two alternatives.

It is observed that when operating the plant with recy-
cling there was an increase in the ratio consumed energy/
cubic meter of water produced because with that alternative,
there was a greater duration of operation of the first pass
NF-1, but this change increased the time of production and
therefore a greater flow of permeate product. In addition,
the overall recovery rate increased by 1.5%.

Fig. 11 shows that the rejection of salts did not present
the same percentage value, being more favorable in the oper-
ation with seawater. This is only explained by the fact that
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Fig. 9. Water recovery in first-pass NF-1 and global by two-

pass of NF, with plant operation with recycle.

Table 4

Chemical analysis of the drinking water obtained
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Fig. 10. Comparison of the most relevant characteristics between
the two operating alternatives evaluated with brackish water.

Parameters Unit Result NCh.409
Microbiological and turbidity parameters

Total coliform NMP/100 mL <1.1 <5.0
Escherichia coli NMP/100 mL <1.1 <5.0
Turbidity UNT 1.2 <2.0
Essential elements

Copper mg/L <0.01 2.0

Total chromium mg/L <0.05 0.05
Fluoride mg/L <0.01 15

Iron mg/L <0.05 0.3
Manganese mg/L <0.05 0.1
Magnesium mg/L 1.40 125.0
Selenium mg/L <0.005 0.01

Zinc mg/L <0.05 3.0
Non-essential elements or substances

Arsenic mg/L <0.01 0.01
Cadmium mg/L <0.01 0.01
Cyanide mg/L <0.01 0.05
Mercury mg/L <0.001 0.001
Nitrate mg/L <0.01 50
Nitrite mg/L <0.005 3
Nitrato + nitrito ratio - <0.002 1

Lead mg/L <0.02 0.05
Parameters related to organoleptic characteristics

True color Unit Pt-Co 4 20

Smell - Odorless Odorless
Flavor - Insipidus Insipidus
Inorganic

Ammonia mg/L <0.01 15
Chloride mg/L 350 400

pH Unit of pH 6.50 6.5<pH<8.5
Sulfate mg/L <0.01 500
Total dissolved solids mg/L 590 1,500
Organic

Phenolic compounds ug/L <1 2
Disinfection parameters

Free chlorine mg/L <0.02 02<CL.<20
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Table 5

Costs associated (US$) with production in the desalination plant

Type of system Nanofiltration Average in reverse
plant osmosis plants

Water production input

Daily water production (m?) 25 50

Variable costs

Energy cost (%) 53.8 57.0

Chemicals (%) 7.7 9.6

Subtotal (%) 61.5 66.6

Fixed cost

Membrane replacement (%) 18.2 9.5

Maintenance and labor (%) 20.3 23.9

Subtotal (%) 38.5 334

Cost of water production (US$/m?) 0.70 1.9 [31]

100+
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Fig. 11. Comparison of the percentages of rejection of salt, ion
chloride and total solids dissolved between brackish water and
seawater.

the brackish water used showed too much colloidal matter
at the time of being treated with the NF membranes, which
was deposited on the surface of these adding to the polar-
ization by concentration and blocking of pores, reducing
their performance.

The rejection of TDS of the first pass NF-1 reached 87.8%
for brackish water compared with 93.65% of the rejection
with seawater, while the global rejection reached values
over 95%, a very acceptable value for classifying water as
drinking water to despite the lower performance of the
membrane. Table 4 shows that drinking water obtained
meets all the requirements of the drinking water Chilean
standard (NCh.409).

Finally, the general economic assessment of the plant
process, which produces 25 m®/d of drinking water, indi-
cates that the drinking water is produced at a cost of US$
0.70/m® (the cost of water production were calculated for our
Plant OPEX). (Table 5). As other RO plants produce drink-
ing water at a cost of US$ 1.9/m’, the process using two-stage

nanofiltration is very competitive [15,31]. Furthermore, the
RO process generates highly pure water as a product, which
requires to be remineralized. However, nanofiltration also
allows the formulation of water for special purposes other
than drinking, for example, water from the first nanofil-
tration pass can be used for personal cleanliness, toilet
flushing, laundry or irrigation. In addition, nanofiltration
allows for the production of water with different specifica-
tions since it works in two passes with variable operating
conditions.

4. Conclusions

The proposed two-pass nanofiltration desalination
system is capable of producing water for human consump-
tion using seawater or brackish water at a cost of US$0.70/
m?®, without major environmental impacts due to the low
salinity of the reject water produced.

In the case of seawater desalination, a total recovery of
24% is achieved using a pressure of 40 bar in the first pass
and 15 bar in the second. In the case of brackish water,
under the same pressure conditions in the two passes,
total recovery was achieved 22% and SEC 2 kWh/m?® greater.
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