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Abstract High-pressure membrane process is one of the
cost-effective technologies for the treatment of ground-
water containing excessive dissolved solids. This paper
reports a pilot study in treating a typical groundwater in
Huaibei Plain containing excessive sodium, sulfate and
fluoride ions. Three membrane systems were set up and
two brands of reverse osmosis (RO), four low-pressure RO
(LPRO) and one tight nanofiltration (NF) membranes were
tested under this pilot study. An apparent recovery rate at
about 75% was adopted. Cartridge filtration, in combina-
tion with dosing antiscalent, was not sufficient to reduce
the fouling potential of the raw water. All RO and LPRO
systems (except for the two severely affected by membrane
fouling) demonstrated similar rejection ratios of the
conductivity (~98.5%), sodium (~98.5%) and fluoride
(~99%). Membrane fouling substantially reduced the
rejection performance of the fouled membranes. The
tight NF membrane also had a good rejection on
conductivity (95%), sodium (94%) and fluoride (95%).
All membranes rejected sulfate ion almost completely
(more than 99%). The electricity consumptions for the RO,
LPRO and NF systems were 1.74, 1.10 and 0.72 kWh∙m–3

treated water, respectively. The estimated treatment costs
by using typical RO, LPRO and tight NF membrane
systems were 1.21, 0.98 and 0.96 CNY∙m–3 finished water,
respectively. A treatment process consisting of either
LPRO or tight NF facilities following multi-media
filtration was suggested.

Keywords reverse osmosis (RO), nanofiltration (NF),
water quality standards, sodium, fluoride, cost estimation

1 Introduction

Compared with surface water, groundwater usually has
better quality and need little treatment before being
supplied as drinking water [1]. However, in some places
of China, the excessive occurrence of dissolved solids in
the groundwater, primarily due to geological causes,
though not classified as brackish, restricts its usage for
drinking water production. A notable example is the
relatively high concentrations of sodium, fluoride and
sulfate in the groundwater of the Huaibei Plain [2,3]. The
maximum allowable concentrations for sodium, fluoride
and sulfate are 200, 1 and 250 mg∙L–1, respectively,
according to the Chinese Standards for Drinking Water
Quality [4]. Though fluoride can be removed using a
number of technologies [5,6], the removal of sodium and
sulfate can be economically attained by membrane-based
technologies such as reverse osmosis (RO) and electro-
dialysis only [7–9]. Reverse osmosis is preferred when the
removal of other contaminants like arsenic and organic
compounds is required [10,11].

In the last decades, a number of RO-like membranes
have been developed including low-pressure RO (LPRO)
and nanofiltration (NF) membranes [12]. The primary
differences among RO, LPRO and NF membranes are the
rejection performance for contaminants, the energy
demand for water production and the propensity to
membrane fouling. Most LPRO and NF membranes are
operated at lower applied pressures but reject less ions than
common RO membranes [13]. This paper reports the
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results of a pilot study, in which a total of 7 high-pressure
membranes were tested. The primary objectives of the pilot
study were to compare the performance of the tested
membranes and to estimate the operating cost of a full-
scale application. Under the full-scale scenario, the
membrane permeate will be blended with the untreated
raw water to reduce the operating cost and to maintain
appropriate concentrations of dissolved solids in finished
water. As an example, the World Health Organization
recommends the fluoride concentration in drinking water
would be best within the range from 0.5 to 0.8 mg∙L–1

[14]. The results of this study would also be valuable for
the process selection in treating groundwater with similar
water quality.

2 Materials and methods

2.1 Membrane systems and operation

Three membrane systems were set up by their companies
separately. The treatment capacity (RQ in Fig. 1) for each
system in terms of product water was approximately 1
m3∙h–1. System 1 consisted of three pressure vessels with
2, 2 and 1 membrane elements, respectively (Fig. 1a),
while both Systems 2 and 3 consisted of two pressure
vessels each with 2 membrane elements (Fig. 1b). Nonzero
back pressures were set for the first two pressure vessels of

System 1 and the first pressure vessels of Systems 2 and 3
to balance the water fluxes. In each membrane system, a
lift pump was employed to draw raw water into the feed
tank, which was also used for the collection of recirculated
concentrate. Only a proportion of concentrate was
discharged from the system in order to increase the
apparent water recovery ratio (R in Fig. 1) while a
minimum cross flow velocity was kept in the last pressure
vessel. In this context, apparent water recovery is the ratio
of the volume of product water to that of treated water. The
concentrate recirculation ratio (r in Fig. 1) was in terms of
the product water flow rate (RQ in Fig. 1), which was set at
approximately 50% for all systems. The actual water
recovery, defined as the ratio of the volume of product
water to that supplied to the pressure vessels can be
calculated using R/(1+ rR). Each high-pressure pump was
driven by a variable frequency drive in order to reduce
electricity consumption.
A total of 7 membranes, including two RO membranes,

four LPROmembranes and one NF membrane, were tested
(Table 1). All membranes were thin-film composite
polyamide membranes according to the manufacturers.
The claimed NaCl rejection abilities were similar for all
membranes and above 99% (except for the NF membrane).
However, the claimed water permeabilities differed
substantially among the tested membranes, with two
LPRO membranes were the most permeable. The test
duration for each membrane ranged from 1 to 2 months.

Fig. 1 Schematic diagrams of (a) membrane System 1 and (b) membrane System 2 and System 3
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No chemical cleaning was conducted for any membrane.
The operating conditions for each system were deter-

mined according to the raw water qualities provided by the
local water utility. The analytical results of two grab
samples are shown in Table 2. According to the results, the
raw water had turbidity higher than 1 NTU and a variable
SDI5 index that sometimes exceeded the upper limit of
most RO/NF membranes (SDI5 value was measured
because of the limited volume of water samples sent by
the water utility. A later measurement showed the SDI15
value was 1.4, corresponding to a turbidity value at 0.45
NTU). No pretreatment such as ultrafiltration was allowed
for the pilot test. For each membrane system only a strainer
(5 μm) was installed for the removal of fine particles. It was
believed that the groundwater at most time was of high
clarity so that a strainer, in combination with dosing
antiscalant, was sufficient to protect the high-pressure
membranes. The target for the apparent water recovery rate
was set at 75%. It corresponds to the actual water recovery
rate at 54.5%. The finally adopted apparent water recovery
ratios were all between 75% and 80% except for M-5,
which was at 68.3% (Table 1). According to the raw water
qualities, the scaling potential was high primarily due to
the precipitation of CaCO3, SrSO4 and BaSO4, although
the formation of silica, ferric or aluminum precipitates was
unlikely. Consequently, antiscalant at a dosage of 2–4
mg∙L–1 was added continuously for each system. The raw
water contained little organic substances and no disin-
fectant was added to any system during the pilot study.
The pilot study lasted from late May to late September.

During the study, the raw water was collected once or twice
each day for the determination of pH, turbidity and
conductivity as well as sodium, sulfate, fluoride and
chloride ion concentrations, the former three of which were
measured on site while the remaining in a laboratory.
During the operation, the membrane permeate of all
systems were also collected for the determination of the
above parameters. In addition, the electricity consumption
and the apparent water recovery were recorded daily for
each system.

2.2 Analytical methods

The turbidity and the conductivity were measured using a
turbidimeter (WGZ-1A, Shanghai Xinrui, China) and a
conductivity meter (MP513, Shanghai Sanxin, China),
respectively. The sodium ion concentrations were mea-
sured by using an ion chromatograph (Dionex ICS 1000,
USA) equipped with an IonPac AS 12A column eluted by
a 25 mM methanesulfonic acid solution at a flow rate of 1
mL∙min–1. The sulfate, fluoride and chloride ion concen-
trations were measured using another ion chromatograph
(Metrohm 761 Compace, Switzerland) equipped with a
Metrohm A Supply 7 column eluted with a 3.6 mmol∙L–1

Na2CO3 solution at a flow rate of 0.8 mL∙min–1. SEM
observation of the membrane coupon was conducted under
a scanning electronic microscope (JSM-6301F, Japan),
which was also equipped with an energy-dispersive X-ray
spectroscopy (EDS) (Inca, UK). The samples were sputter-
coated with carbon before SEM observation.

3 Results and discussion

3.1 Raw water quality

During the 4-month pilot study period, the raw water quality
was relatively stable in terms of the conductivity, and
sodium, sulfate, fluoride and chloride ion concentrations
(Fig. 2) as well as pH value (7.69�0.16). The average
conductivity was 1880 μS∙cm–1, corresponding to a TDS
value approximately at 950 mg∙L–1 [1]. The average sodium
concentration was 323mg∙L–1, much higher than the
regulated value in China (250 mg∙L–1). The sulfate
concentration was slightly higher than the regulated value,
with the average at 256 mg∙L–1. The fluoride concentra-
tions, which were 876�62 μg∙L–1, were consistently below
the regulated value. The average chloride concentration was
239mg∙L–1, slightly below the regulated value. Therefore,
it was the sodium ion that needs be substantially removed to
meet the drinking water quality standard in China.

Table 1 The high-pressure membranes tested during the pilot study period

membrane membrane type claimed NaCl rejection/% claimed water permeability
/(LMH∙bar–1)

applied pressure
/bar

apparent recovery ratio/%

M-1 RO 99.5 a 3.4 a 15 78.1

M-2 RO 99.0 b 5.3 b 9 77.2

M-3 LPRO 99.3 c 4.9 c 9 78.0

M-4 LPRO 99.2 d 7.1 d 7 76.9

M-5 LPRO 99.0 e 7.3 e 7.5 68.3

M-6 LPRO 99.4 f 5.1 f 7.5 77.4

M-7 NF 85‒95 g 6.3 g 6 75.9

Note: Salt rejection and water permeability based on the following test conditions: 25 °C, 15% recovery and a 2,000 mg∙L–1 NaCl at 15.5 bar applied pressure, b 2,000
mg∙L–1 NaCl solution at 10.3 bar applied pressure, c 1,500 mg∙L–1 NaCl solution at 10.5 bar applied pressure, d, e, f 500 mg∙L–1 NaCl at 6.9 bar applied pressure or g

2,000 mg∙L–1 NaCl solution at 5 bar applied pressure
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Raw water turbidity higher than 1 NTU was frequently
observed, and it fluctuated with time. The fluctuation of
turbidity might explain the large variation of the SDI
values measured for the three grab samples (Table 1). To
cope with the high turbidity, each membrane system was
equipped with a fine strainer with disposable cartridge
filters.

3.2 Rejection performance

Because the concentrate was partially recirculated back to
the feed tank, the “contaminants” (including conductivity,
sodium, sulfate, fluoride and chloride in this context) in the
feed tank were not identical to those in the raw water.
Therefore, the actual rejection performance of the
membrane was different from the apparent rejection
performance. With the “contaminant” concentrations in
the raw water and in the product water (i.e. membrane

permeate) denoted as Cin and Cout, respectively, the
contaminant concentration in the concentrate can be
calculated using (Cin–RCout)/(1–R). And the contaminant
concentration in the feed tank will be (Cin + rR(Cin–
RCout)/(1–R))/(1+ R). Therefore, the actual rejection ratio
of the contaminant by the membrane can be calculated
using the following equation.

ℜ ¼ 1 –
ð1 –RÞð1þ rRÞCout�

1 – ð1 – rÞR
�
Cin – rR

2Cout

: (1)

The applied pressures for the seven membranes during
the pilot study were similar to that used for the
determination of the nominal salt rejection performance
(Table 1). The measured rejection ratios of the salinity
(indicated by conductivity) by all membranes (except for
M-4) were generally in the range as expected (Fig. 3). All
RO and LPRO membranes (except for M-4 and M-5)
demonstrated similar salinity rejection performance, with
conductivity rejection ratios approximately at 98% (Fig.
3). The slightly lower rejection ratio than the respective
nominal value was largely due to the higher water recovery
(at ~55%). The NF membrane (M-7) rejected salinity at
95%, higher than many NF membranes. This membrane
can be classified into tight NF membranes. The poor
rejection performance of M-4 was largely due to
membrane fouling (Fig. 4). Membrane fouling can be
indicated by either the increase of transmembrane pressure
or the decrease of the permeate flux. However, neither was
easily discernable for the fouled membrane systems (Fig. 4
(a)), because at the later stage the applied pressure was
deliberately reduced to cope with the membrane fouling
problem and accordingly the water permeation flux was
decreased. Nevertheless, membrane fouling might induce
cake-enhanced concentration polarization [15] and impair
rejection performance [16]. Therefore, rejection perfor-
mance degradation could be used to indicate membrane
fouling. During the one month duration, the rejection ratio
of the conductivity decreased from approximately 94% to
91% (Fig. 4(b)). The decrease in the rejection ratios of

Table 2 The raw water qualities to be treated by the pilot-scale systems

parameters sample 1 sample 2

pH 8.0 7.9

Alkalinity/(mg∙L–1) 336 299

Conductivity/(μS∙cm–1) 1925 1721

TDS/(mg∙L–1) 962 859

Turbidity/(NTU) 1.5 1.2

Hardness/(mg∙L–1) 334 204

NPOC/(mg∙L–1) 0.39 0.56

CODMn/(mg∙L–1) 1.85 2.13

UV254/(cm
–1) 0.007 0.005

IC/(mg∙L–1) 91.8 81.9

SO2 –
4 /(mg∙L–1) 277.2 280.2

Cl–/(mg∙L–1) 249.9 253.8

NO –
3 /(mg∙L–1) 14.7 10.2

F–/(mg∙L–1) 0.98 1.10

Br–/(mg∙L–1) 0.46 0.40

Na+/(mg∙L–1) 336.1 338.7

Ca2+/(mg∙L–1) 61.2 40.7

Mg2+/(mg∙L–1) 43.6 26.0

K+/(mg∙L–1) 1.5 1.2

Sr2+/(mg∙L–1) 1.25 0.85

Ba2+/(mg∙L–1) 0.16 0.19

Si (IV)/(mg∙L–1) 18.7 17.0

Al (III)/(mg∙L–1) 16.5 10.8

Mn (II/IV)/(μg∙L–1) 20.5 20.9

Fe (II/III)/(μg∙L–1) 12.0 11.1

As (III/V)/(μg∙L–1) ‒ 8.9

SDI5 index 1.7 7.5

Fig. 2 The raw water quality during the pilot study
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sodium, chloride and other ions was also observed. M-5
rejected conductivity at 96%, possibly also affected by
membrane fouling. Autopsy of one of the fouled
membrane elements showed that the membrane surface
was fully covered with reddish substances (Fig. 5(a)). SEM
observation indicated that these reddish substances were
mostly crystalline particles, which were regular and
uniform in terms of particle shape and size (Fig. 5(b)).
EDS analysis revealed that the major chemical components
were calcium, carbon and oxygen, with a mass ratio
approximately at 36.4:13.3:43.8, close to 40:12:48 which
is for CaCO3 (Fig. 5(c)). Crystalline CaCO3 should not be
reddish, and the red color may be presented by other minor
components such as iron and clay particles. It appears that
the membrane fouling control schemes for M-4 and M-5
were not appropriate (because CaCO3 scale formation can
be well controlled by dosing anti-scalant and/or reducing
pH). Moreover, a simple fine strainer was not enough to
protect the membrane from fouling by clay and iron
particles in the raw water, and more sophisticated
pretreatment like ultrafiltration or multi-medium filtration
may be required [17,18].
All membranes rejected sulfate very well, with rejection

ratios all higher than 99%. Sulfate ion has a relatively large
size (0.231 nm) [19], and it carries two negative charges.
Therefore, both steric and Donnan effects led to the high
rejection ratios (including the NF membrane) for sulfate.
The order of sodium ion rejection by the seven membranes
generally followed the order of the conductivity rejection
(Fig. 3). However, most membranes (especially M-4, M-7
and M-5) rejected sodium less than the conductivity. The
rejection ratios of sodium ion by M-4, M-7 and M-5 were
90.7%, 94.3% and 96.0%, respectively. This is likely due
to the higher rejection of multi-valent ions (e.g. sulfate) by
these membranes. Sulfate had a similar concentration to
that of both chloride and sodium (Table 1).
Similarly, the rejection of chloride ion by the seven

membranes followed the order of the rejection of
conductivity (Fig. 6). For membranes rejecting salinity
well (for M-1, M-2, M-3 and M-6), they rejected chloride
ion and conductivity at similar ratios. However, for
membranes rejecting salinity relatively poorly, they
rejected chloride ion less than the conductivity. Again, it
is because of the better rejection for sulfate than chloride
ion since conductivity consists of both chloride and sulfate
ions. In addition, electro-neutrality of the membrane
permeate demands a higher rejection of sodium than
chloride when sodium ion is the dominant cation in the
water.
Coincidently, the rejection ratios of fluoride ion by all

membranes (except for M-5) were almost identical to that
of the conductivity, respectively (Fig. 6). Fluoride
consisted of a minor portion of anions in the raw water,
and a lower fluoride rejection ratio would be expected.
However, the fluoride ion size (0.166 nm) is much larger
than that of the chloride ion (0.121 nm) [20,21]. The large

ion size of fluoride likely dictated its relatively high
rejection ratios by all tested membranes.
During the pilot study, the rejection ratios of the

conductivity by M-4, M-5 and M-7 also fluctuated more
than that by the remaining four membranes (Figs. 3 and 6).
It may be due to membrane fouling mentioned above. The
development of membrane fouling with run time gradually
reduced the rejection ratio (e.g. for M-4). Another
important reason was the variation of the applied pressure
during the test. For example, the applied pressure for M-7
varied from 0.6 to 0.96MPa. A higher applied pressure

Fig. 3 Comparison of the rejection of sodium and sulfate ions
with that of the conductivity by the 7 membranes

Fig. 4 Variation of (a) the applied pressure and the permeation
flux and (b) the rejection ratios of the conductivity, sodium and
chloride ions by M-4 with the run time
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Fig. 5 Autopsy of a fouled membrane element showing (a) the fouled membrane surface, which was then (b) observed under scanning
electronic microscope and (c) analyzed by energy-dispersive X-ray spectroscopy

Fig. 6 Comparison of the rejection of fluoride and chloride ions with that of the conductivity by the 7 membranes

160 Front. Environ. Sci. Eng. 2015, 9(1): 155–163



usually led to a higher rejection ratio [19,22]. The variation
of the rejection ratios of both the conductivity and the
chloride ion (and likely other ions) with the applied
pressure for M-5 could be clearly observed (Fig. 7).
However, the variation of the rejection ratios was mostly
within 5% during the pilot test.

3.3 Electricity consumption

One of the major operating costs pertinent to high-pressure
membrane processes is the electricity (i.e. energy)
consumption. The electricity consumption in this study
was expressed as that per unit volume of produced water. It
consisted of consumptions for the high-pressure pump and
for the pump lifting the raw water into the feed tank of each
membrane system. Because a portion of the concentrate
was recirculated back to the feed tank (Fig. 1), the actual
electricity consumption in the full-scale operation could be
approximated using a ratio of 1/(1+ rR) to that obtained in
the pilot study. The electricity consumption was calculated
on a daily basis with concentrate recirculation considered,
and was depicted using a box-and-whisker plot (Fig. 8).
Results showed that the electricity consumptions differed
significantly among the membrane types (i.e. RO, LPRO
and NF membranes), while differed slightly among the
membranes of the same type. The median electricity
consumptions of the two RO systems, or M-1 and M-2,
were 1.81 and 1.66 kWh∙m–3, respectively; 1.16, 0.98,
1.17 and 1.11 kWh∙m–3 for the four LPRO systems, or M-
3, M-4, M-5 and M-6, respectively; and 0.72 kWh∙m–3 for
the only NF system tested in the pilot study. On average,
the RO systems consumed approximately 0.6 kWh∙m–3

more electricity than the LPRO systems.

3.4 Process suggestion

Based on the experimental results obtained above, a cost-

effective treatment process is suggested here for the
treatment of the raw water with qualities shown in Table
2 and Fig. 2. To protect the high-pressure membranes, a
pretreatment unit to remove colloidal and particulate
substances (e.g. iron and clay particles) is required. A
multi-media filtration process is suggested based on the
less developed local economy. When proper pretreatment
is employed, a minimum life time of 3 years can be ensured
for almost all high-pressure membranes.
Sodium ion was the primary “contaminant” that need be

removed from the raw water. When membrane fouling was
well controlled, the tested RO and LPRO membranes had
similar sodium rejection ratio at 96%–97% for an actual
water recovery ratio at 77% (for the future full-scale
plants). Therefore, to meet the Chinese Standard for
sodium (and with a 10% margin of safety), the minimum
blending ratio of the treated water with the raw water is at
0.856:1; in other words, to supply 1 m3 water a minimum
volume of 0.461 m3 water need be produced from the RO/
LPRO process. To obtain the 0.461 m3 treated water, the
costs are estimated to be 1.210 and 0.977 CNY when using
an RO or LPRO process, respectively, according to the
estimated capital and operating costs listed in Table 3. The
cost for the total 1 m3 finished water may differ only
slightly with that shown above because of the extremely
low water resource price and the low degree treatment of
the water that is for blending (which consists of silt
sedimentation and chlorination only).
When a tight NF membrane is used and membrane

fouling is well controlled, the sodium rejection ratio can
reach to 85%. Therefore, to meet the Chinese Standard for
sodium (and with a 10% margin of safety), the minimum
blending ratio of the treated water with the raw water is at
1.087:1; in other words, to supply 1 m3 water a minimum
volume of 0.521 m3 water need be produced from the NF
process. To obtain the 0.521 m3 treated water, the cost is
estimated to be 0.956 CNY when using the NF process,

Fig. 7 Dependence of the rejection of the conductivity and
chloride ion with the applied pressure for M-5 and M-7

Fig. 8 Box-and-whisker plot of electricity consumption of the 7
membrane systems
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again according to the estimated capital and operating
costs listed in Table 3.
For the treatment of the raw water in this study, the

capital and operating costs for a typical LPRO process and
a tight NF process are similar, which are much lower than
that for a typical RO process. The selection of either LPRO
or tight NF membrane is primarily based on their ability to
resist fouling. A service lifetime of 5 years was assumed to
both LPRO and NF membranes.

4 Conclusions

A total of seven RO, LPRO and NF membranes were pilot
tested in treating a groundwater containing a high level of
sodium. Each membrane system consisted of a simple
pretreatment unit, or a fine particle strainer. The raw water
demonstrated a high fouling potential and severely fouled
two LPRO systems, which may be also probably due to
improper dosage of anti-scalant. Membrane fouling
substantially reduced the rejection performance of the
fouled membranes. Four RO and LPRO systems which
were not affected by membrane fouling gave similar
rejection ratios for conductivity (~98.5%), sodium ions
(~98.5%) and fluoride ions (~99%) when the water
recovery was about 55%. The tight NF membrane also
rejected the conductivity (95%) and the sodium ion (94%)
well. For all membranes pilot tested, the rejection ratio of
the conductivity was much lower than that of the sulfate
ion, similar to that of the fluoride ion, slightly higher than
that of the sodium ion and significantly higher than that of
the chloride ion. The electricity consumptions for the two
RO, four LPRO and one NF systems were 1.81, 1.66, 1.16,
0.98, 1.17, 1.11 and 0.72 kWh∙m–3 treated water, respec-
tively. The electricity consumption differed only slightly
between/among membranes in the same category. The
overall treatment costs were estimated to be 1.210, 0.977
and 0.956 CNY∙m–3 finished water (i.e. treated water

blended with raw water) for a typical RO, LPRO or tight
NF membrane system, respectively. Therefore, the recom-
mended treatment process consists of either LPRO or tight
NF membranes with a multi-media filtration pretreatment
unit for colloidal and fine particles to protect the
membranes. It is suggested that these membranes be
further tested on their resistance to membrane fouling.
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