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Abstract

Jordan is characterised by an arid to semi-arid climate and its population is increasing at an annual rate of 3 .6%.
With such a high population growth rate and fast social--economical development, water demand and wastewater
production are steeply increasing, and the gap between water supply and demand is getting wider . Furthermore, the
constraints for water resources development are also rising due to high investment costs and water quality degradation
due to over-exploitation of aquifers . Desalination of Red Sea water by reverse osmosis (RO) and/or brackish
groundwater desalination by nanofiltration or RO might be technically and economically viable to cope with water
scarcity and overcome the water deficit in Jordan . The technical-economical feasibility of brackish groundwater
treatment by RO for potable water production was investigated in this work . Brackish groundwater samples were
collected from the Zarqa basin, Jordan, and characterised in terms of pH, conductivity, total solids, total dissolved
solids, total suspended solids, and volatile solids . The water samples were pre-treated through a microfiltration
cartridge (5 ,am pore diameter) in order to eliminate the suspended matter . A pilot plant equipped with a FilmTec RO
membrane (SW30-2521) was operated at 20-30 bar, 40°C, natural pH and up to a water recovery ratio of 77.5%. The
results showed that RO is actually efficient since it highly reduced the content of organic and inorganic matters present
in raw waters (rejections >98 .5%) at a relatively affordable price (0 .26 €/m 3 ) . This study contributes to the
development of efficient technologies to produce affordable potable water in Mediterranean countries where the threat
of water shortages is a severe problem .
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1. Introduction

Jordan's water resources comprise surface
water, renewable and non-renewable groundwater
and treated wastewater, which are used by
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agriculture (69%), industry (10%) and munici-
palities (21%) . The estimated available water at
Jordan in 1995 was about 747 Mm3 surface water
and 389 Mm3 groundwater . With the exception of
springs and the King Abdullah Canal, surface
water resources are exclusively used for irri-
gation. The municipal water supply and industry
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mainly depend upon groundwater and springs,
which are limited and often over-drafted . Chlori-
nation is the only treatment applied to ground-
water sources prior to water distribution [1] .

Jordan is characterised by an arid to semi-arid
climate: rainy seasons are short and annual
rainfall ranges from 50 to 600 mm . On the other
hand, Jordan's population is increasing at an
annual rate of 3 .6%, the annual consumption of
fresh water per capita being only 200 m 3 in
comparison to the international average of
7500 m3 . With such a high population growth rate
and fast social-economical development, a steep
increase in water demand and wastewater
production is occurring, and the gap between
water supply and demand is getting wider .
Moreover, the constraints for water resource
development are rising due to high investment
costs and water quality degradation caused by
over-exploitation of groundwater resources .

This severe problem has existed since the
early 1980s, and according to recent projections,
Jordan is likely to face a potable water crisis by
2010 by depleting all of its fresh water resources .
Thus, it will suffer tough water rationing this
decade if integrated measures are not immediately
taken to ensure water availability, suitability and
sustainability . The adoption of non-conventional
sources (e.g ., irrigation with saline water, desali-
nation of brackish water and/or seawater, reuse of
treated municipal wastewater, rain water harvest-
ing, cloud seeding and water importation) for
water supply reinforcement is inevitable in the
near future for Jordan's sustainable development .

For instance, desalination has been widely and
successfully used in Middle Eastern oil-produc-
ing countries [2] . Although water and energy
resources are scarce in Jordan, desalination of
seawater from the Red Sea/Agaba Gulf (TDS
-40 g/1) and/or desalination of brackish ground-
water from certain basins (TDS -1-10 g/l)
emerging in the form of springs throughout the
kingdom might be economically feasible by
efficient use of non-conventional energy
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resources [3-5] : seawater and/or brackish ground-
water are the most favourable non-conventional
resources for desalination purposes ; desalination
of seawater and/or brackish groundwater by
reverse osmosis (RO) appears to be a sound
option for arid lands bordering seas and salt
lakes; hydropower and solar technologies are the
most effective non-conventional energy resources
for water desalination . Hence, there is a need in
Jordan for capacity building of water desali-
nation comprising technology transfer in mem-
brane separation processes, operation and
maintenance, and skilled manpower [6] .

Membrane separation processes have exhi-
bited a great potential for the treatment of waters
and wastewaters by complying with the increas-
ingly strict legislation concerning potable water
quality and allowable wastewater discharges
worldwide . Microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF) and RO have been
progressively used for water and wastewater
treatment in order to remove suspended solids
and reduce the content of organic and inorganic
matters. Many authors have reported the appli-
cation of NF and RO to highly reduce TDS,
salinity, hardness, nitrates, cyanides, fluorides,
arsenic, heavy metals, colour and organic
compounds, e.g., total organic carbon (TOC),
biological oxygen demand (BOD), chemical
oxygen demand (COD), total organic halides
(TOX), trihalomethanes (THM), THM-forming
potential (THMFP), and pesticides, besides the
elimination ofbacteria, viruses, turbidity and TSS
from surface water, groundwater, and seawater
[7-411 .

Evaporation, especially multi-stage flash
(MSF), and membrane processes - RO and
electrodialysis (ED) - are the main separation
processes used for potable water production due
to their remarkable efficiency. However, the
energy consumption of evaporation is too high
for brackish water desalination, besides being
unsuitable for inland installation . For desalination
of brackish waters with TDS -2 g/l, the energy



consumption of ED and RO are similar, whereas
for a TDS >5 g/l, the capital costs and the energy
consumption of RO become lower than the one of
ED . Thus, ED is mainly applied for desalination
of brackish waters with a TDS <2 g/l, whereas
RO is applied for desalination of brackish and
seawater . RO produces water of excellent quality,
e.g ., the desalinated water from most RO plants
worldwide contains a TDS <0 .3 g/l . Hollow-fiber
and spiral-wound RO modules are widely used
for sea and brackish water desalination [42] .

This study intends to assess the technical-
economical feasibility of RO for the production
of potable water from brackish water in Mediter-
ranean countries where the threat of water
shortages is a serious problem, especially during
the summer .

2 . Jordanian Standards 286 : 2001, Water -
Drinking Water

In the Jordanian Drinking Water Standards
(JDWS) [43], TDS is set at two distinct limits : the
permitted limit of 0.5 g/l and the maximum
allowable limit of 1 .5 g/l, where no better source
is available in Jordan (Table 2) . A TDS >0 .5 g/l
is only recommended for areas where fresh water
resources are insufficient. Since dissolved solids
cannot be removed by conventional water
treatments and a strict TDS standard may require
an expensive water treatment not essential from
the point of view of human health requirements,
the international guidelines cannot be too strict
worldwide. The desalinated water in Jordan
should contain a TDS <0 .5 g/l to comply with the
international acceptable limit and the JDWS
permitted limit .

All parameters listed in the JDWS are tested in
samples from water supply stations and networks ;
bacteria and residual chlorine are also checked in
water samples from pipelines for the sake of
public health . About 95% of the water supply in
Amman and the Jordan Valley areas depends on
groundwater resources . Before distribution, the
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Table 1
Physical characteristics of drinking water [43]

Table 2
Substances / Parameters in drinking water that may rise
complaints from consumers [43]

159

only treatment carried out is chlorination of all
water sources, except the water from the Zai
water treatment plant where quick filtration is
used for the surface water from the King
Abdullah Canal [42] . Water analysis in 2000
showed that the maximum violations were
reported for turbidity, colour, and total hardness

Parameter Permitted
limit, mg/l

Max. limit where
no better source
is available, mg/t

pH 6.5-8 .5
TDS 500 1500
Total hardness,
as CaCO 3

300 500

LAS (MBAS)
(synthetic detergents)

0.2 0 .5

NH4 0.5 0 .5
Al 0 .1 0.2
Mn 0.1 0 .2
Fe 0.3 1 .0
Cu 1 .0 1 .5
Zn 3 5
Na 200 400
Cl 200 500
SO4 200 500

Parameter Permitted limit Max. limit where
no better source
is available

Colour (TCU) 10 15
Taste Acceptable to

most consumers
Odour Acceptable to

most consumers
Turbidity (NTU) 1 5
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Table 3
Inorganic substances in drinking water that affect public
health [43]

[44] . Although a TDS at the maximum allowable
limit may not cause health problems, it affects
water taste and may indicate water pollution, e.g .,
sewage infiltration . In fact, the quality of some
groundwaters has been enhanced with the
improvement of the sewage system. The per-
mitted nitrate limit is 50 mg/1 in JDWS (Table 3) .
Though the water supply in Amman complies
with JDWS, TDS and NO 3 are sometimes higher
than the permitted limits . NO 3 in a surface water
source, e.g., the Zai water treatment plant, is
usually very low but some groundwaters may
contain a NO3 of 60 mg/l [42] .

3. JICA report [42]

3.1. Summary

The Japan International Cooperation Agency
(JICA) presented in 1995 a strategy for the

MD. Afonso et al. /Desalination 164 (2004) 157-171

desalination of 75 Mm3/y of brackish ground-
water, which would provide an essential new
water resource . They discovered a virgin brackish
water aquifer in the Jordan Valley - the Zarqa
aquifer - with high potential in Deir Alla (TDS
-7.5 g/1) and Kafrein/Hisban (TDS -5 g/1), which
could ease the municipal and industrial water
demand in northern Jordan . Hence, RO would be
the most suitable desalination process for the
brackish water from the Zarqa aquifer .

As the water quality at Kafrein/Hisban was
better than at Deir Alla, lower energy consump-
tion was expected at the former . The target for the
treated water quality was TDS <0 .3 g/l, which
would require a salt rejection >94-96%, common
for RO membranes. With a water recovery ratio
of 80-85%, the RO brine concentration would be
5-7-fold that of raw water (TDS -25-37 .5 g/l) .
This project would not cause a drastic change in
the brackish groundwater quality . The estimated
cost for water production and supply ranged from
0.73 to 0.84 US$/m3 . The recommendations com-
prised long-term observation of water level and
quality at the Zarqa aquifer and further study on
brackish water resources .

3.2. Brackish groundwater in the Jordan Valley

Water analyses were conducted in samples
collected from wells, springs, wadis and the King
Abdullah Canal. Little difference was observed in
the water quality throughout the year . Moreover,
the salinity and main ions concentrations were
nearly constant throughout summer for most sites .
The main cations were Na + K, Ca and Mg, while
the main anions were Cl, HCO 3 , SO4 + NO3 .

The groundwater at the northern area of the
Zarqa aquifer had a relatively high salinity (TDS
-7 .5 g/1) mainly with SO 4 whereas at the southern
area it had a relatively low salinity (TDS -5 g/1)
with a small SO 4 content. A higher salinity (TDS
>9 g/1) was found in the central area most likely
because the water had been in contact with

Inorganic Maximum limit, mg/1

As 0.01
Pb 0.01
CN 0.07
Cd 0.003
Cr 0 .05
Ba 1 .5
Se 0 .05
B 2
Hg 0.002
Ag 0.1
Ni 0.07
Sb 0.005
F 2
NO, 2
NO, 50 (70 where no better

source is available)



minerals, e.g ., gypsum, for long time . NaCl in the
Zarqa aquifer was estimated as 3 g/l. In the
southern area, the concentrations of scaling sub-
stances (Ca, Mg, SO4 , HCO3) were lower, total
hardness was ca. 1 .5 g/1, Si02 was ca. 10 mg/l,
and Fe was lower than 5 mg/l. The water quality
appeared to be stable for 10 years, most likely
because the Zarqa aquifer is probably very old
and receives very few recharges from replenish-
able water .

3.3. RO desalination plant

Since there was a considerable amount of
fouling/scaling substances in the raw water (e.g .,
Ca, Mg, Fe, Mn and HCO 3) before RO pro-
cessing, a pre-treatment would be required to
remove these substances comprising chemical
conditioning and filtering, a more severe pre-
treatment than usual for brackish groundwater
desalination . Thus, with regard to the pre-
treatment required, Zarqa aquifer groundwater
seemed not to be the most ideal water resource
for desalination .

The brackish groundwater would flow from
the wells to the pre-treatment (degasifier, coagu-
lation, dual-media filter) where turbid matter and
other foulants/scalants (colloidal matter, micro-
organisms, bacteria, oil and grease, ions associa-

Chemical

Raw water Dosing

H2S0

	

NaCIO FeCl3, NaOH

	

Antiacalant,NaHS03 NaOH, NaCIO

Degassng
1

Coagulation

Fig . 1 . Schematic flow of RO desalination plant [42] .
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Dual Media

Filtration

Citric Add

Chemical

Cleaning

ted to CaCO 3 precipitation, corrosive metal ions
and scaling related ions) that might damage RO
membranes would be removed . Subsequently, the
water would be fed to the RO unit where salts and
small organic contaminants would be rejected and
concentrated in the brine, whereas fresh water
would permeate through the membranes . The
post-treatment (chlorination) would comprise pH
adjusting and desinfection of desalted water .
There would be chemical cleaning facilities for
membrane cleaning and wastewater treatment
facilities for neutralisation and biological
treatment of the chemical wastes which would be
mixed with the brine for discharge (Fig . 1) .

The pre-treatment aimed to remove turbidity,
Ca, HCO3, Fe and residual chlorine [42,45] :
•

	

pH adjusting for HCO3 removal and reduction
of water pH to 6 (0 .6 g/l H2SO4 98%)

•

	

degassing for the removal of dissolved CO,
(blower)

•

	

chlorination for disinfection and oxidation of
Fe, Mn and organic matter (5 mg/i NaC1O
10%)

•

	

coagulation and dual-media filtration for tur-
bidity removal (24 mg/l FeCl 3 + NaOH)

•

	

dechlorination for the removal of residual-free
chlorine (2 mg/l NaHSO 3 )

•

	

Antiscalant dosing for scaling prevention
(3 mg/1 SHMP or Flocon 100)

V RO unit Water Storage

& Pumping

Brine& Wastewater

Treatment

0
supply

discharge
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Spiral-wound polyamide membrane modules
of 8" diameter were selected on the grounds :
•

	

after pre-treatment, SDI would be ca . 3-4,
which is suitable for spiral-wound membranes

•

	

polyamide membranes provide high fluxes at
low pressures and salt rejections >95% .
The RO unit would be operated at 25 bar and

a water recovery ratio of 85% . Despite the pre-
treatment, membrane fouling/scaling would
occur, leading to the permeate flux drop . Hence,
chemical cleaning would be required to recover
membrane performance. The plant maintenance
would comprise the replacement of safety filters
(every 3 months), and RO modules (20%/y),
membrane cleaning (every 3 months) and prepa-
ration of solutions .

The post-treatment aimed to be the final
quality control of drinking water supply :
•

	

pH adjusting, to neutralise water pH for
drinking purposes (20 mg/l NaOH)

•

	

disinfection, to sterilise water and achieve a
residual chlorine >0 .5 mg/l (NaC1O)
The wastewater from the membrane cleaning

should be treated before mixing with the brine for
subsequent disposal, namely through :
•

	

neutralisation by the addition of NaOH
•

	

aeration for biological degradation of organic
matter
The Dead Sea bears an extremely high salinity

(TDS -324 g/1); thus it would be the most suit-
able place for the final disposal of RO brine (TDS
-25-37.5 g/1). The latter would contain high
concentrations of Ca, Mg, Na + K (main cations),
and Cl, SO4, HC03 (main anions). Fe would
range between 10-20 mg/1 because the washing
wastewater from the dual-media filter holding
ferric hydroxide flocks would be mixed with RO
brine. The concentration of hazardous substances
such as heavy metals would be negligible .

3 .4. Desalination costs

The project cost included the construction of
wells, desalination plants and water transfer lines
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to supply areas, besides the plant operation and
maintenance. Water supply in the Jordan Valley
is mainly served by scattered wells, thus a north-
south pipeline should be built. Furthermore, a
discharge line should also be built for the safe
disposal at the Dead Sea of the brine from saline
springs, irrigation returns and drains, and desali-
nation plants. The estimated cost for water
desalination and distribution to the Jordan Valley
was 0 .73-0.84 US$/m3 . It clearly exceeded the
cost of water production and supply in 1995, the
tap water price being 0 .49 US$/m3 . The project
would require a government subsidy to ease the
burden of capital cost and reduce water pro-
duction cost .

4. Experimental

4.1 . Membrane

A FilmTec spiral-wound RO element, FT30
SW30-2521 (2 .4" diameter, 21" length), suitable
for saline waters with salt concentrations ranging
from 2 to 20 g/l, was tested . The membrane active
surface area is 1 .2 m 2 . The FT30 thin-film com-
posite membranes have three layers : an ultra-thin
barrier of 1,3-benzenediamine (0 .2 µm thickness),
microporous polysulfone and a polyester support .
FT30 elements have an outstanding performance
history for seawater desalination due to the
reduced power requirements (high productivity at
reasonable cost), reduced leakage of salts, low
molecular weight organics and silica, increased
resistance to microbiological and bacterial
fouling, high tolerance to extreme pHs, long life
span and FDA approval . The recommended flow
rate per pressure vessel housing elements with a
diameter of 2 .4" is 684-1140 1/h .

4.2. Set-up

A schematic diagram of the experimental set-
up is shown in Fig. 2. It consists of an RO pilot
unit assembled by STEM-ISI Impianti (Italy) .



Concentrate

RO module

Fig. 2 . Scheme of RO pilot plant .

4.3. Sampling and pre-treatment

Two brackish water samples (50 and 100 1)
were collected from the Hussein thermal power
station (TPS), located in the Zarqa desert, Jordan .
Two other samples were collected from a
laboratory tap at the Hashemite University (HU),
located in the same area . The brackish waters
were filtrated through a MF cartridge with a 5 µm
pore size, inserted in the RO unit, before being
fed to the RO module .

4.4. Brackish water characterisation

Samples from raw and microfiltrated brackish
waters and from the concentrate and permeate of
RO experiments were analysed with respect to pH
(25°C), conductivity (25°C), total solids (TS),
total dissolved solids (TDS), total suspended
solids (TSS) and volatile solids (VS), the latter
being a rough estimate of the organic matter
content. The analytical equipment used was :
•

	

pH meter (Eutech Instruments, pH 510)
•

	

conductivity meter : Jenway 4310 (KCe1 i = 0 .98)

4.5. Membrane characterisation

Firstly, the membrane was wetted out by
circulating distilled water at 40 bar for 2 h such
that the excess of chemicals attached to its surface
could be released and also to prevent its com-
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paction throughout the RO experiments. After
this conditioning step, distilled water permeated
at pressures ranging from 5 to 40 bar in order to
measure the respective water permeation fluxes,
J., and determine the membrane hydraulic per-
meability, I, :

Jw p L1 P
oper

4.6. RO permeation experiments

4.6.1 . Selection of RO optimal operating
conditions

A set of permeation runs was carried out with
brackish waters at natural pH, 40°C, and total
recycle mode (concentrate and permeate recycle
into the feed tank), such that the feed concen-
tration was kept nearly constant. The operating
pressure ranged from 15 to 30 bar, whilst the feed
flow rate ranged from 200 to 600 1/h. The flow
rates were lower than those recommended for
elements of 2 .4" diameter (684-1140 1/h) due to
pump limitations. The permeate flux, J, was
measured after 15 min of operation at a given set
of operating conditions, and samples from the
feed and permeate were collected for analysis to
determine the rejections, R, with respect to the
parameters listed above :

1 Cpermeate \

Cfeed

The pressure was firstly increased, then the
feed flow rate was decreased and lastly the salt
concentration was increased to minimise cumu-
lative effects of concentration polarisation and/or
fouling/scaling . In between the permeation runs,
the membrane was washed out with distilled
water at low pressure and a high flow rate to
recover at least 90% of the initial water per-
meation flux, Jw .

4.6.2. Time effect on membranefouling/scaling

Another set of permeation runs was performed

R= . 100%
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with brackish waters at natural pH, 40°C, 20 bar,
6001/h, and total recycle mode for 2 h to evaluate
the time effect on membrane fouling/scaling . The
permeate flux was measured each 15 min of
operation, but no samples from the feed or
permeate were collected for analysis .

4.6.3. Concentration ofbrackish waters by RO
RO experiments for brackish water concen-

tration were conducted at natural pH, 40°C, and
the optimal operating pressure and feed flow rate
determined in Section 4 .6.1, i .e., 30 bar and
200 1/h, respectively . The permeate flux was
measured for volume reduction factors (VRF) of
1, 1 .5, 2, 3, 4 and 4 .4, and samples from the
concentrate and permeate were collected for
analysis .

5. Results and discussion

The hydraulic permeability of membrane
SW30-2521 was 1 .6 1/(m2 .h.bar) at 40°C. The
characterisation of brackish water samples both
before and after MF pre-treatment is presented in
Table 4. It may be concluded that the MF
cartridge with a 5 p m pore size somewhat re-
duced the suspended matter (30-50%), but a
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Table 4
Brackish groundwater characterisation and MF rejection (relative to TSS)

tighter MF cartridge or a physico-chemical pre-
treatment is recommended to efficiently remove
the suspended matter present in the brackish
groundwaters. The high pH of brackish ground-
waters (7.9-8 .8) results from the contact with
CaCO3 (calcite) and MgCO 3 (dolomite) for a long
time. The high conductivity of brackish waters is
due to their high salinity and hardness. A more
detailed characterisation of brackish ground-
waters from the Zarqa basin is presented in
Table 5 . They do not show signs of pollution
(roughly measured by NO 3 ) due to human acti-
vities, cesspools, irrigation return flows, over-
exploitation (leading to aquifer salinisation),
municipal wastewaters, solid wastes disposal or
wastewater treatment plants .

The permeate flux and conductivity rejection
during RO essays conducted with brackish waters
to select the optimal feed flow rate and
transmembrane pressure are displayed in Figs . 3
and 4. The time effect on the permeate flux drop
(fouling/scaling) is plotted in Fig . 5. The per-
meate flux and conductivity rejection during
brackish waters concentration by RO as a func-
tion of the volume reduction factor, VRF, are
depicted in Fig . 6 . Table 6 presents the rejections
with respect to pH, conductivity, TS, TDS and
VS during brackish waters treatment by RO .

Brackish water pH Conductivity, µ.S/cm TS, g/l TDS, g/l TSS, g/l VS, g/l RMF,

Hashemite 8.5 1587 1.028 1 .004 0.024
University (HU) 8.4 1568 1 .012 0.948 0.064 0.224
HU microfiltrated 7.9 1597 1 .136 1 .120 0.016 33 .3

8 .2 1589 0.984 0.952 0.032 50.0
Thermal power station 8.3 3500 2.304 2 .196 0.108 -
(TPS) 8.3 3500 2.304 2 .160 0.144 0.972

TPS microfiltrated 8.8 3225 2.364 2.288 0.076 - 29.6
8.7 3100 2.196 2 .124 0.072 0.476 50.0

50% HU + 50% TPS
microfiltrated

8.7 2480 1 .620 1.524 0.096
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Fig . 3 . Permeate flux during brackish waters treatment by
RO at 40°C (HU, 1597 µS/cm ; 50% HU + 50% TPS,
2480 µS/cm ; TPS, 3255 µS/cm) .
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Fig . 5 . Time effect during brackish waters treatment by
RO at 20 bar, 6001/h, and 40°C (HU, 1597 µS/cm ; 50%
HU + 50% TPS, 2480 16/cm; TPS, 3255 µS/cm) .

The conclusions to be drawn from the data
displayed in Table 6 and Figs . 3-6 are :

1 . Selection of RO optimal operating con-
ditions : The permeate flux, J, increased linearly
with pressure, and the slight deviation between J
and JH, was attributed to the osmotic pressure
difference between the feed and permeate
streams, not to concentration polarisation and/or
fouling/scaling. On the other hand, no influence
of the feed flow rate upon the permeate flux was
observed .

The conductivity, TS and TDS rejections
during brackish waters desalination by RO were
fairly high and nearly constant irrespective of the
operating conditions (98 .5-100%). The con-
ductivity rejection increased as the feed salt
concentration (conductivity) increased, an inter-
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Fig . 6 . Brackish waters concentration by RO at 30 bar,
200 I/h, and 40°C (HU, 1589 µS/cm ; TPS, 3100µS/cm) .

esting phenomenon opposite to NF membranes
behaviour .

Since the feed flow rate did not play an
important role on the membrane performance,
2001/h was chosen to carry out the concentration
runs instead of 600 1/h, for pumping energy
saving. Furthermore, the pressure and tempera-
ture during these runs were set at 30 bar and
40°C, respectively, to take advantage of the
increased productivity at high pressures and
temperatures .

2. Time effect on membrane fouling/scaling :
Once again, the permeate flux was nearly equal to
the pure water permeate flux and remained
constant for 2 h, even for the brackish ground-
water with the highest conductivity (TPS),
confirming the great resistance of the FT30
membrane to fouling/scaling .



Table 6
Rejections during brackish groundwaters treatment by
RO

3. Concentration of brackish waters by RO :
The rejections with regard to conductivity, TS,
TDS, and VS (related to organic matter) were
extremely high and constant (99-100%), irre-
spective of the volume reduction factor, i .e .,
FT30 membrane efficiently removed inorganic
and organic matters from the brackish ground-
waters, converting them into potable water
suitable for human consumption (after slight
remineralisation, pH adjustment or blending with
a small amount of raw water) .

The permeate flux of TPS brackish water was
lower than the one of HU brackish water due to
its higher salinity and obviously higher osmotic
pressure difference across the membrane . The
permeate fluxes dropped smoothly and linearly
with the increase of the volume reduction factor,
e.g ., from 52 to 441/(h •m2) ( 14% drop) at VRF=
4.4 (water recovery ratio = 77 .5%) in the case of
HU brackish water; and from 47 to 37 1/(h •m2 )
(20% drop) at VRF = 4.0 (water recovery ratio =
75%) in the case of TPS brackish water . There-
fore, whereas for HU brackish water RO can
operate at water recovery ratios up to 80%, for
TPS brackish water it is not reasonable to operate
RO beyond 75%; otherwise the permeate flux
decline is unbearable . The different behaviour of
the brackish groundwaters should be due to the
settling of the suspended matter present in HU
brackish water, which occurs in a storage tank
after the extraction from the well .
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Whenever the membrane hydraulic permea-
bility reached 90% of its initial value, it was
impossible to restore it simply by water washing,
meaning that the permeate flux drop (with respect
to J.) was mainly due to slight membrane
fouling/scaling . The membrane hydraulic permea-
bility approached its initial value with an acid
washing (0 .5% H 3PO4, 40-44°C, 10 bar, 620 1/h,
90 min) . To prevent biological growth during the
installation shutdowns, the membrane was im-
mersed in a protective solution containing 1 .5%
sodium bisulphite .

4 . Economic evaluation [31,35,42,47-49] :
The economic evaluation of brackish ground-
water desalination by RO was based on the
following assumptions :
•

	

RO membrane, FilmTec SW30-8040 (poly-
amide; spiral-wound module; 28 m2 ; = 1000€/
unit)

•

	

Membrane life span = 5 years (manufacturer
guaranteed)

•

	

Permeate flux = 34 1/(h •m 2 ) ; salt rejection
>98 .5%

•

	

Transmembrane pressure = 30 bar ; feed flow
rate = 200 1/h, temperature = 35°C ; pH = 6-9

•

	

Water recovery ratio = 75% (equivalent to
VRF = 4)

•

	

Flow rate of brackish water = 45 Mm'/y ; flow
rate of desalinated water = 33 .75 Mm3/y

•

	

TDS in brackish water = 2 .3 g/l ; TDS in
desalinated water <0 .035 g/l < 0 .5 g/1(JDWS)

•

	

Daily process duration = 24 h ; load factor =
0 .9, i .e ., 330 operation d/y (35-day allowance
for shutdowns due to plant failures, routine
maintenance and membrane cleaning) .

•

	

Amembrane = 33 .75 . 10 9 1/(330 . 24 h) /341/(h•m )
= 125,334 m 2

• Initial investment (including building con-
struction, pumps, piping, energy cabling and
transformers, electronic components, auto-
mation, membranes, filters, plant design and
assembling) - assumed as proportional to
membrane area and depreciated linearly over
20 years without considering the interest on

Parameter R (%)
(total recycle
runs)

R (%)
(concentration
runs)

pH 22.3-35.8 19 .5-25.6

Conductivity 98.5-99 .6 99 .2-99.5

TS 98.5-100 99 .6-100

TDS 98.6-100 100

V S 99.0-100
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Table 7
Chemicals and consumables

investment : 764 €/m2

	

125,334 m2 =

95,755 k€ (54%)
Membrane replacement - every 5 years,
hence three times in 20 years: 40 €/m2
125,334 m2 • 3 = 15,040 k€ (8%)

•

	

Maintenance - assumed as 10% of the initial
investment: 95,755 k€ • 0.1 = 9576 k€ (5%)

•

	

Energy - neglecting the pumping cost to
make up for the pressure drop along the
module and manifold losses, e.g ., membrane
fouling :

W = J,,, - Amembrane • AP = (34 . 10-3/ 3600) m/s •
125,334 m2 • 30. 105 Pa = 3551 kW
Electricity cost = 3551 kW • (24 • 330 • 20 h)

•

	

0.046 €/(kW •h) = 25,875 k€ (14%)

•

	

Chemicals and consumables (see Table 7)
•

	

Labour (plant operation and quality control),

administration and overhead - assuming a
team of 30 workers, 10 administrative, 10
chemical analysts and three process engineers

and a factor of 2 to account for the overhead :
[(30 + 10) • 2698 + 10 • 4796 + 3 • 5995] €/y

•

	

2 • 20 y = 6955 k€ (4%)

•

	

Total cost = capital cost + operation and
maintenance costs (per 20 y) = 178,615 k€
The estimated cost of brackish groundwater

desalination by RO is 0 .26€/m3 in comparison to
0 .19€/m3 , the current price of water supplied by
the Amman municipality . The cost gap is lower
than expected, bearing in mind the cheap water
treatment practised currently (only chlorination)

and the high cost of importation to Jordan, e .g .,
equipment and membranes . The costs gap would
widen iff the costs of land, groundwater abstrac-
tion, brine disposal, water distribution, and

interests on invested capital had been taken into
account. The main cost parcel is the investment
depreciation (54%), followed by chemicals and
energy (14% each), membrane replacement (8%),
maintenance (5%) and labour (4%) . The imple-

mentation of RO desalination in Jordan for
potable water production will most likely require
financial contribution from the government to
lighten the burden of capital cost and thereby
reduce the water production cost to a level
affordable by the population .

6. Conclusions

In this work, the performance of a spiral-
wound RO membrane (FilmTec SW30-2521) was
investigated for the production of potable water
from brackish groundwaters collected from the

Zarqa basin, Jordan, after being pre-treated by a
MF cartridge (5 am) .

Chemicals Dosage, mg/l Consumption, 10 3 ton per 20 y Price, €/kg Total, k€

H2SO4 (98%) 13 11.7 0.13 1,521
NaC1O (10%) 5 4.5 0.21 945
Antiscalant 3 2.7 1 .06 2,862
NaHSO 3 2 1 .8 0.77 1,386
FeC13 24 21 .6 0.53 11,448
NaOH 20 13.5 0.35 4,725
Citric acid 2790, kg/3 months 0.223 1 .17 261
Safety filters 17, units/d 112,200 20.2 €/unit 2,266

25,414 (14%)



In total recycle, the permeate flux increased
linearly with pressure, and the slight deviation
between J and J,,, was attributed to the osmotic
pressure difference across the membrane . The
conductivity, TS and TDS rejections ranged from
98.5 to 100% . The membrane performance did
not depend on the feed flow rate, thus the
concentration runs were carried out at 200 1/h,
whilst the pressure and temperature were set at
30 bar and 40°C, respectively, to take advantage
of increased productivity . During the brackish
water concentration by RO, the conductivity, TS,
TDS, and VS rejections ranged from 99 to 100%,
i .e ., RO is technically suited to remove inorganic
and organic matters from the brackish waters and
thereby produce potable water . Whether the
brackish groundwaters pre-treatment only uses
MF (5 µm), it is not wise to operate RO beyond
a 75% water recovery ratio ; otherwise the flux
decline due to membrane fouling/scaling is
drastic (>20%) . The membrane hydraulic permea-
bility could be restored through acid washing
whenever needed . The economic assessment
proved that RO can produce potable water at an
operating cost that is not excessively high
(0 .26€/m), especially if the government subsi-
dises part of the capital cost .

Further investigation should be focused on
brackish water pre-treatment, and continuous
experiments should be conducted for longer
periods to get insight into a fouling/scaling
extension and thereby optimise the washing pro-
cedure. It is worthy to note that currently the most
outstanding technology for treating brackish
groundwaters is nanofiltration (e.g., FilmTec
NF70), which was impossible to test in this work
due to the small size of the module assembled in
the pilot unit .
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