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ABSTRACT

A modified reverse osmosis (RO) system with zero wastewater was developed, and its per-
formance was tested against allowable limits of total dissolved solids (TDS) in Jordan. New
components were added to the typical single- and double-membrane RO systems used in
private homes to re-direct the amount of saline water rejects to drainage. Instead, this water
is mixed with input water from the source. Then, the mixed water is used for domestic
household purposes other than drinking. The TDS values of output fresh water and mixed
water were tested and found to be within safe limits. The new components can be fitted to
existing systems with a small amount of extra space. The reuse of saline water after mixing
does not require human interaction, and the system can be fully utilized for safe and contin-
uous operation. The newly modified system produced huge water savings relative to exist-
ing systems. The implementation of modified RO plants could save a country like Jordan,
18 million cubic meters of supplied input water annually, based on 500,000 RO units

operating in Jordanian homes, with 100% water recovery.
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1. Introduction

Recently, portable reverse osmosis (RO) desalina-
tion systems have become widely used in private
homes, industrial settings, and remote areas as a
means of providing safe drinking water. Several stud-
ies have concentrated on the quality of water pro-
duced by RO units in terms of salt concentrations or
biocompatibility, but the amount of wastewater that
these systems reject to drainage has yet to be
addressed. This problem must be solved to meet the
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increasing demand for fresh water. With limited water
resources for domestic use, saving water has becomes
a general concern for individuals in many parts of the
world [1]. Avlonitis studied the water cost per cubic
meter for small-size RO desalination plants in remote
parts of Greek islands for three years with the purpose
of improving the productivity using new technology,
such as data acquisition, automation, and remote oper-
ation. He concluded that running the low-cost RO
plants can improve labor productivity directly [2]. Lee
et al. evaluated agricultural drainage water in terms of
feedwater quality by choosing a suitable membrane
to control salt rejection and biofouling potential.
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The initial results suggested that a long-term pilot
plant would be feasible [3]. Several studies have con-
centrated on water quality and water treatment for
drinking water using chemical absorbents [4,5]. The
variation of sea water temperature and seasonal foul-
ing effect was studied to find the optimal operation of
RO systems using sea water [6,7]. Both temperature
and seasonal changes affected scaling and biofouling
to some degree. To evaluate the small RO units used
in private homes in Jordan, Al-Jayyousi and Mohsen
conducted a study comparing the water quality of RO
units sold commercially to bottled and tap water.
They concluded that the RO systems produce water
within allowable limits of total dissolved solids (TDS)
and pH and do so at a reasonable price [8]. A research
project funded by Middle East Desalination Research
Center conducted in the Middle East and North Africa
region to develop zero-waste small home-use RO units
that use water softeners to demineralize the water
from municipal systems. This may render the RO
units used in private homes more efficient [1].

Several pilot RO projects use solar energy to save
power. Such systems can be used in remote areas
where energy supplies are limited or not available.
Zhang et al. utilized a combination of solar energy
and a RO system to treat the feedwater boilers. They
showed energy savings and an environmentally
friendly system which meet steam-boiler water quality
standards [9]. Most of the research done on RO system
optimization has focused on the performance of indi-
vidual components of the system to enhance water
quality [10-12]. Several studies of RO systems have
addressed issues of particular concerns. Here, their
data were collected and evaluated, and recommenda-
tions were developed.

The issue of the low recovery rate of RO plants is
still a major concern. In this paper, a newly modified
RO system was developed, built at Petra for Water
Treatment Systems Company, and tested at Jordan
University of Science and Technology (JUST) and in
private homes in Jordan. The purpose of the present
work was to establish the new system that can reuse
rejected water to drainage (RWD) automatically, with-
out human interaction, while maintaining the allow-
able limits of TDS and water quality adequate for
domestic use. A saline water tank was added to the
typical commercial RO system. A series of relay valves
was placed inside the feeder and discharge control
unit to manage and redirect the flow, resulting in zero
wastewater from the newly modified RO system. The
modified RO system is shown in Fig. 1 with a connect-
ing diagram. Analyses of the quality of water supplied
from the system, fresh water for drinking (FW), and
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rejected water mixtures (RWM) meant for household
use were below the allowable limits and safe to use.

2. Typical small RO system

In a typical commercially available RO system, salt
water is rejected and connected to drain. The recovery
of this plant was very low and depended on several
factors, such as filter quality and maintenance, the
membrane used, and especially the amount of fresh
water required for drinking by the user. It is estimated
that 3-9 L of water rejected to drainage (RWD) were
wasted for each liter of fresh water (FW) produced.
This amount of rejected water could cost a country
like Jordan, 18 million cubic meters of supplied input
water (IW) annually, based on an estimates that a sin-
gle five-person household would require 25 L of fresh
drinking water each day and an average rate of water
to drainage of four liter per one liter of fresh water. It
is estimated that 500,000 RO plants are operating in
private homes in Jordan [13].

3. New RO model developments

A new, modified RO system is presented in Fig. 1.
In addition to the components found in typical RO
plants sold commercially, two one-way high-pressure
valves shown in Fig. 1 ((6) and (12)) have been added
to prevent the pressurized water inside both tanks
from returning to the membrane. One valve is for
fresh water supplied to the fresh water tank, and the
other valve is for salt water supplied to the newly
added saline water tank. These both direct the flow to
the desired tank. The function of the low-pressure cut-
off switch in Fig. 1(2) is to switch the pump off, when
the flow from the input water supply (IW) becomes
low. A saline water tank similar to the fresh water
tank was added to the system to supply private
homes with mixtures of salt water and supplied
municipal input suitable for cleaning and other
non-drinking purposes. Both tanks are meant to be
pre-pressurized to 8 psi. The TDS of the domestic
cleaning water may increase slightly but remains
within acceptable limits for its intended use. To con-
trol the flow and distribution of supplied input water
for filtration, filtered salt water, and mixtures of
rejected salt water and municipal input water, a feeder
and discharge unit (control unit) consisting of a series
of pressurized relay valves was placed in the system
as shown in Fig. 1(1).

Most households use more water for cleaning than
for drinking, so the salt water tank will be empty
more often than the fresh water tank. When the salt
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1: Feeder and discharger unit.

2: Low-pressure valve.

3: Triple fitration unit.

4: Pump (300 gallon/day).

5: Membrane.

6: High-pressure valve.

7: Carbon fiter (to improve the taste).
8: Fresh water tank,

9, 15: Tank valve.

10, 16: Air suppher,

11: Fresh water tank valve.

12: High-pressure valve.

13; Fiter for dirty water treatment.
14: Sat water tank.

17. Sat  water tap valve,
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Fig. 1. The new RO system which was built at Petra Company for Water Treatment Systems, Jordan.

water tank becomes full, the system (pump) shuts
down. It restarts once the water from saline water
tank is removed. This does not affect the use of fresh
water from the pressurized fresh water tank. In this
fashion, no wastewater is produced by this modified
RO system. More importantly, the quality of the fresh
drinking water and the mixed cleaning water was
within acceptable limits of TDS, as listed by American
and Jordanian standards, and safe to use [14]. This
new, self-sufficiently modified system eliminates the
need for direct human interaction, such as collecting
rejected water. The added components of the new RO
plant do not require much extra space and can fit
under a typical sink, as is the case with typical RO
systems.

4. Testing procedure

Feeder and discharge units have two main parts,
as shown in Fig. 2. The upper component is used for
mixing the salt water after filtration (water that would
be rejected by a typical RO units) with supplied fresh
water. Then, the mixture is available for general
household cleaning and other non-drinking purposes.
The lower component is used for feeding the supplied
municipal input water into the RO system and upper
component. The saline water rejected after filtration is
sent to the upper mixing component. The main feature
of the supply and discharge unit is that it does not
allow the drained salt water back into the RO unit.
This leads to a high salt concentration in the filter and
the membrane. This salt concentration can reduce the
life time of the RO system.

Fig. 2(A) shows the feeder and discharge unit, and
Fig. 2(B) is a photograph of major parts inside the fee-
der and discharge unit, which consists of two check
valves, an O-ring, and several fittings. The dash lines
show the water flow through the unit. To assess the
unit after assembly, it was fitted with a typical com-
mercially available RO system and used in private
homes and at the JUST laboratory for seven days. The
fresh drinking water produced by the system and the
general purpose mixed water were collected and
analyzed in terms of volume flow rate and TDS and
compared to water collected from a typical RO plant
without a feeder or discharge control unit.

5. Results and discussion

To test the quality of water intended for specific
purposes, such as drinking and cleaning, the water
output of the modified RO system was tested against
typical RO systems at the Chemical Engineering Labo-
ratory of JUST with a double-membrane RO system
over the course of several days. Table 1 shows the
results of the two systems during a one-week trial. For
the system without a control unit (typical system), the
amount of water rejected to drainage RWD (useless
water) averaged 8.88 L per L of fresh water (FW) pro-
duced. This is very high, bringing Jordan’s wastewater
estimates to 36 million m® each year. However, using
the double-membrane unit shown in Table 1, the TDS
limits for the input water (IW) from source, the fresh
drinking water (FW), and the salt water (SW) after
filtration were all acceptable and below 500 ppm.

For the system tested with the new feeder and
discharge control unit installed, the mixed water
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Fig. 2. Feeder and discharge unit: (A) external view showing the upper mixing and lower feeder units; (B) photograph of

the major parts.

Table 1
Double-membrane RO systems with and without control unit tested at JUST
w FW SW MW Volume Volume Volume  Flow rate Flow rate Flow rate

Control TDS TDS TDS TDS  of FW of RWD ~ Of RWM of FW — of SW — of Mwy
Period unit [ppm] [ppm] [ppm] [ppm] [L] [L] [L] [L/min]  [L/min] [, /min]
Day1 NO 288 6.6 421 - 1 9 - 1/1.83 1/0.20 -
Day2 NO 287 6.7 420 - 1 8.9 - 1/1.85 1/0.20 -
Day 3 NO 287 6.6 420 - 1 9 - 1/1.85 1/0.20 -
Day 4 NO 297 6.6 425 - 1 8.85 - 1/1.93 1/0.21 -
Day 5 NO 290 6.7 422 - 1 85 - 1/1.85 1/0.21 -
Day 6 NO 292 6.6 421 - 1 8.9 - 1/1.90 1/0.20 -
Day7 NO 290 6.7 422 - 1 9 - 1/1.91 1/0.21 -
Average 290.14 6.64 421.57 1.00 8.88 1/1.87 1/0.20
Day1 YES 290 7.8 420 371 1 0 2 1/1.52 1/0.61 1/0.41
Day 2 YES 290 7.3 416 373 1 0 2 1/1.52 1/0.61 1/0.41
Day 3 YES 293 74 414 377 1 0 2 1/1.52 1/0.61 1/0.41
Day 4 YES 293 7.2 410 380 1 0 2 1/1.52 1/0.61 1/0.41
Day 5 YES 293 7.3 411 379 1 0 2 1/1.52 1/0.61 1/0.41
Day 6 YES 297 72 385 345 1 0 22 1/1.46 1/0.68 1/0.28
Day 7 YES 297 7.2 429 335 1 0 24 1/1.35 1/0.41 1/0.20
Average 293.29 7.34 412,14 365.71 1.00 0.00 2.09 1/1.49 1/0.59 1/0.36

IW: Input water from source.

FW: Fresh/drinking water after filtration.

SW: Saline water after filtration.

MW: IW + SW for domestic use through the control unit.

RWD: Water rejected to drainage (useless water).

RWM: Water to rejected feeder and discharge unit for domestic use.

(MW) can be wused for non-drinking domestic
purposes (cleaning). This mixture contains input water
from source (IW) and salt water (SW) left over from
filtration. The TDS values of the mixed water for
domestic use (MW) were above the TDS value of
input water (IW) from the source but still within

acceptable limits. For example, they posed no harm to
human hands such as rash or chemical burn. The
main feature of the new feeder and discharge control
unit is that no water is rejected to drainage (RWD); it
shows 100% water recovery. Results showed that the
RWM rate used in these tests was 2 L for each L of
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Table 2
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Single-membrane RO system with and without control unit tested in a private home

W FW SW MW Volume Volume Volume  Flow rate Flow rate Flow rate

Control TDS TDS TDS TDS of FW of RWD  Oof RWM of FW — of SW — of mw
Period unit [ppm] [ppm] [ppm] [ppm] [L] [L] (L] [L/min]  [L/min] [, /min]
Day1 NO 375 45 520 - 1 4 - 1/8.50 1/3.2 -
Day 2 NO 377 46 520 - 1 3.8 - 1/9.00 1/3.0 -
Day3 NO 372 42 510 - 1 4 - 1/9.00 1/3.1 -
Average 374.67 44.33  516.67 1.00 3.93 1/8.83 1/3.1
Day 1 YES 375 59 518 390 1 0 25 1/5.50 1/2.2 1/0.41
Day 2 YES 377 63 520 389 1 0 2.5 1/7.85 1/2.8 1/0.36
Day 3 YES 360 58 516 390 1 0 25 1/7.00 1/2.7 1/.40
Average 370.67 60.00 518.00 389.67 1.00 0.00 2.50 1/6.78 1/2.57 1/0.39
Table 3
Impurities in water produced by typical and modified RO systems
Water Control Temp. Salinity TDS Cond. Mg Ca Na Zn Cu
Supplied* unit PH [C] [ppm] [ppm] [us] [ppm] [ppm]  [ppm] [ppm] [ppm]
w YES 7.76 25 0.3 291 586 20.30 22.70 13.34 0.54 0.45
FW YES 6.10 25 0.0 04 540 0.00 0.50 0.08 0.00 0.00
SW YES 7.81 25 0.5 460 948 23.23 25.70 26.26 0.67 0.00
RWM YES 7.79 25 0.3 340 696 21.36 24.70 21.18 0.59 0.00
FW NO 6.00 25 0.0 0.2 586 0.00 0.00 0.00 0.02 0.00
RWD NO 7.77 25 0.3 320 660 22.40 24.30 19.96 0.57 0.00
*The abbreviations in this column are the same as those used in Table 1.
fresh drinking water produced. In this way, more Water quality was tested against Jordanian

cleaning water was made available for general house-
hold use. These tests were repeated for several weeks.
Results of one typical week are presented.

Another, single-membrane RO system was fitted
and tested at a private home. The home was equipped
with typical single-membrane RO system. Data from
the existing unit were collected, and then the system
was modified. A feeder, mixing unit, salt water tank,
and valves were added. Then, the before and after
data were compared. Note that the TDS of the salt
water sent to drainage (SWD) was above 500 ppm
before mixing. After the salt water was mixed with
the water from the source, the TDS value was below
400 ppm. This level is safe, and the water can be used
for cleaning purposes as shown in Table 2. Less water
per L of fresh water produced was rejected to drain-
age by the system without a control unit than by the
double-membrane system (3.9 L), but this is still too
much waste. The performance of the newly modified
system showed significant water saving whether it
was used with single- or double-membrane system.

standards for impurities in input water from the
municipal source, fresh drinking water, and the
filtered salt water. The rejected water mixed for
domestic use is shown in Table 3. The allowable limits
in Jordanian standards are 500 ppm TDS and 6.5-9.0
pH, respectively [8]. All values obtained were within
limits for the intended use of the water.

6. Conclusions

The modified RO system, which is meant for
domestic use, showed significant water savings with-
out affecting the quality of either drinking or cleaning
water. Conservatively, there are an estimated 500,000
RO units operating in private homes in Jordan. The
new modifications can fit into existing typical RO sys-
tems with only a little extra space needed for the new
parts. With limited water resources and the low qual-
ity of municipal water, the use of RO systems is
increasing in both domestic and commercial settings.
Typical RO systems have very low recovery rates. This
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results huge amounts of water rejected to drainage.
The newly modified RO system produces no wastewa-
ter. It reduces the user’s water bill and conserves the
country’s water resources. The new design of RO sys-
tem has been registered in 12 countries for intellectual
property rights through Abu-Ghazaleh Intellectual
Property Group, which is indicative of the novelty of
the new system and its importance to the water con-
servation. Currently, a new, space-saving filtration
system is under development. It will allow the use of
the three or more filters into one unit. This will save
space and make the new units more efficient.
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