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ABSTRACT

Opened-circuit desalination (OCD) of a high salinity source (>10,000 ppm) also containing
large amounts of Silica (>124 ppm) by the application of a single-element module batch
apparatus under the conditions of fixed applied pressure of declined flux at low pH was
reported to proceed with 80–85% recovery by a high-energy process of low permeate
productivity through high super-saturation conditions of silica. The present study describes
theoretical model simulations of OCD and closed-circuit desalination (CCD) processes of
same feed source (10,000 ppm NaCl–125 ppm SiO2) with different apparatus of identical
single-element (SWC6-MAX) modules which execute either closed- or opened-circuit
desalination under fixed pressure (47 bar) of variable flow conditions. The results of this
theoretical study reveal milder batch process conditions for CCD compared with OCD
manifested by longer sequence duration (23.35 instead of 15.95 min), much lower energy
consumption (1.57 instead of 7.93 kWh/m3) with average TDS of permeates about the same
for both processes up to ~75% batch recovery, and higher for the former process (531
instead of 316 ppm TDS) at the ultimate batch recovery of both (~83%) with same pattern
also repeated for the average Silica content in permeates (6.76 instead of 3.65 ppm silica).
Silica in the recycled concentrates of both CCD and OCD processes is found in the range of
125–728 ± 6 ppm) and reveals desalination under high super-saturation conditions with
Silica maximum of ~5.8-fold (~580%) excess over its ordinary saturation level.

Keywords: Reverse osmosis; RO; SWRO; BWRO; Opened-circuit desalination; Closed-circuit
desalination; Volume reduction of silica-containing effluents; Rescue and reuse of
water from brine effluents

1. Introduction

The declined availability of water in various parts
of world due to climate changes inflicted by the global
“green house effect” combined with the increased con-
tamination of ground and surface water sources have
led to the growing reliance on reverse osmosis (RO)
desalination processes for seawater and brackish water

for domestic supplies. Stringent environmental regula-
tions concerning disposal of industrial and domestic
effluents made mandatory in most advanced countries
worldwide in order stop the contamination of ground
and underground water in parallel to the declined
potable water availability, created growing emphasis
on advanced technologies for treatment of domestic
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and industrial effluents aimed to enable the reuse of
rescued treated water.

Treatment of domestic effluents is practiced in
gigantic amounts worldwide with treated clean efflu-
ents disposed to sea and/or reused for irrigation (e.g.
Israel) and/or recycled for domestic use and industrial
applications after RO desalination (e.g. Singapore).
Complete reclamation of clear domestic effluents in
Singapore [1] is practiced currently at the level over
75,000 m3/d, cover more than 30% of the potable water
needs of this country, and the quality of the reclaimed
water, or so-called NEWater, is higher than that the
other potable water supplies in this country and
exceeds the stringent guideline requirements of the
both the USEPA and the WHO organizations. NEWater
is the brand name given to reclaimed water produced
by the Singapore’s Public Utilities Board. Instead of
exposure to RO for NEWater production, clean domes-
tic effluent could be combined with brine from seawa-
ter desalination plants for production of clean
hydroelectric power by a membrane-based technology
called pressure retarded osmosis [2,3] and this applica-
tion has been demonstrated by the “Mega-ton” project
[4–6] in Japan. In land located brackish water reverse
osmosis (BWRO) desalination plants normally face
major disposal problems in light of the relatively large
amounts of produced brine and in this context, volume
reduction techniques on route to zero discharge are of
increased importance. In this context, noteworthy is a
recent US patent application by Tarquin [7] which
describes the further SWRO desalination with recovery
>80% of difficult brine effluents (TSD~10,000 ppm and
silica >100 ppm) from certain inland BWRO desalina-
tion plants which led to increased source utility up to
~96%, and thereby reducing disposal costs.

Treatment of industrial effluents covers broad class
processes of increased importance from economic
aspects and/or environmental regulations. Industrial
effluents are broadly divided into two categories, the
first of light effluents mostly in large amounts which
can be recycled for reuse with high recovery by simple
techniques and the latter of difficult effluents mostly in
small amounts which require rigorous treatment before
allowed for dumping into municipal sewage systems
and/or disposed to the sea and/or rivers. In the case
of very hazardous industrial effluents of need to be
removed to authorized damping centers, volume
reduction techniques are implicated in order to save
on transportation costs and dumping expenses.

RO combined with filtration techniques (e.g. MF,
UF, and NF) are common features in most effluent treat-
ment processes and the Tarquin process [7] entitle “Sea
water RO system to reduce concentrate volume prior to
disposal” is noteworthy development which describes

the application of an Opened Circuit Desalination
(OCD) technique which makes use of a single-element
module SWRO apparatus of the schematic design in
Fig. 1 for 80–85% recovery and thereby, effecting the
volume reduction of some very difficult BWRO brine
effluents with typical TDS > 10,000 ppm and sil-
ica > 125 ppm (e.g. Na, 2,810; K, 113; Ca, 606; Mg, 161;
Ba, 0.31; Sr, 17.1; Fe, 0.07; Mn, 0.17; Cl, 5,089; SO4, 1,111;
SiO2, 131; TDS, 10,722 ppm; EC, 18,122 μS/cm; pH, 7.8;
turbidity, 0.3 and temperature 25.4˚C). This SWRO
OCD batch process was carried out under constant
applied feed pressure (e.g. 700–740 ψ) of declined flux
at low pH (e.g. 3–5) with an effective anti-scaling agent
(e.g. Pre-treat Plus-0,400). The application under review
demonstrates batch SWRO-OCD under high super-
concentration conditions of silica and other constituents
(e.g. maximum brine values: TDS > 70,000 ppm; sil-
ica > 870 ppm; Ca > 4,000 ppm; Ba > 2.0 ppm and
SO4 > 7,400 ppm) without any noticeable precipitation
and therefore, should be found effective for RO treat-
ment of difficult industrial effluents at large. The pre-
sent theoretical study explores the plausibility of the
recently reported [8–11] closed-circuit desalination
(CCD) technology (SWRO-CCD) for volume reduction
of industrial effluents by analogy with the reported [7]
SWRO-OCD batch process.

2. Single-element SWRO-CCD batch apparatus

The schematic design of a single-element SWRO-
CCD batch apparatus for volume reduction of efflu-
ents under fixed pressure (FP) and variable flow
conditions similar to that applied in the opened-circuit
process is depicted in Fig. 2. Noteworthy features in
the design include the line from module outlet to its

HP

Recycled Concentrate

Permeate

PV

ELEMENT

Concentrates 
mixing Tank

Fig. 1. A schematic design of a single-element PV batch
apparatus for an opened-circuit SWRO desalination under
fixed pressure (FP) with its HP pump and tank of recycled
concentrates—red stands for pressurized sections and
green or blue for none pressurized sections in the design.
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inlet and the circulation pump with vfd (CP-vfd) for
concentrate recycling and mixing with fresh pressur-
ized feed at module inlet. The CP-vfd enables selected
controlled cross-flow over membrane surfaces without
which CCD is made impossible due to high-concentra-
tion polarization. Pressurized feed in the apparatus
under review is created by means of a high-pressure
(HP) pump equipped with vfd (HP-vfd) in order to
enable operation under fixed applied pressure of vari-
able flow conditions, or alternatively, under fixed flow
of variable pressure conditions, depending of the
selected mode of operation. The operation of the unit
under FP conditions proceeds with decreased pressur-
ized feed flow of declined permeation flux and when
the selected batch sequence recovery manifested by
the electric conductivity (EC) of the recycled concen-
trate is attained, the batch process is stopped, pressure
is released, brine inside the apparatus is replaced by
fresh feed though the opened actuated valve (AV) at
near atmospheric pressure before a new batch
sequence initiated. The intent of the check valve
labeled one-way-valve (OWV) is to maintain the
desired flow direction inside the apparatus.

The batch SWRO-CCD apparatus under review
performs with near absolute energy conversion effi-
ciency without ERD irrespective of its operational
modes under FP and variable flow or fixed flow and
variable pressure conditions. Conversion of this batch
apparatus into a configuration for continuous consecu-
tive sequential operation can be achieved by the add-
ing of a side conduit with valve means according to
reported [8–11] information elsewhere.

3. Theoretical model performance comparison
between single-element SWRO-CCD and SWRO-
OCD units under fixed applied pressure conditions

In order to obtain meaningful comparative perfor-
mance results on the CCD and OCD units, both

should be made of the same module design, make use
of the same feed source, operate at the same applied
pressure, and start operation with the same initial
flow rates and module recovery. Both units displayed
in Figs. 1 and 2 comprise a single elongated 8-inch
pressure vessel with SWC6-MAX element in front and
an element spacer next of same intrinsic fluid volume
(58.4 L). In both model-simulated processes, the initial
flow rates at module inlet (5.45 m3/h), outlet
(3.00 m3/h), and permeation (2.45 m3/h) are the same
and manifest 45% module recovery at fixed applied
pressure of 47 bar for feed of 1.0 NaCl with an osmo-
tic pressure of 8.0 bar. The module inlet flow rate in
the CCD process is the sum of the cross-flow (QCP)
and pressurized feed flow (QHP), whereas in case of
the OCD process, the module inlet flow rate is solely
that of HP. The selected fixed applied pressure
(47 bar) and feed concentration (1.0% NaCl and
125 ppm silica) in the model simulations cover the
approximate range reported by Tarquin [7]. The
model simulations assume fixed applied pressure
(47 bar) of CCD or OCD cycles with progressively
declined MR and flux due to the increased salinity of
the recycled concentrate with cycle duration (CD)
expressing module residence defined from the intrin-
sic volume of the system and flow rate at module out-
let. The CCD and OCD theoretical model simulations
on the basis of the aforementioned are described with
further details in Tables 1 and 2, respectively.

3.1. Theoretical model batch performance simulation for the
SWRO-CCD ME (E = SWC6-MAX) unit with feed of
1.0% NaCl also containing 125 ppm silica under fixed
applied pressure of 47 bar

The theoretical model performance simulation of
the batch SWRO-CCD unit (Fig. 2) with feed of 1.0%
NaCl also containing 125 ppm of Silica under fixed
applied pressure of 47 bar with an initial pressurized

CP-vfd

HP-vfd
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Feed
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Fig. 2. A schematic design of a single-element apparatus for batch CCD of sea water by reverse osmosis (SWRO-CCD)
under FP comprising a PV with a single-element (ELEMENT) inside, a circulation pump with vfd (CP-vfd), a high-pres-
sure pump with vfd (HP-vfd), a check valve labeled OWV , an AV, and a manifold connecting the module outlet to its
inlet to enable the recycling of concentrates.
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feed flow rate of 2.45 m3/h, initial permeate flow rate
of 2.45 m3/h, fixed flow of recycled concentrates of
3.00 m3/h, and an initial flow rate at module inlet of
5.45 m3/h which manifest 45% module recovery is
described in Table 1.

The bold data in the table over pale yellow back-
ground represent selected features, whereas the rest
stands for calculated data. The columns in the table are
labeled at the bottom (A1–A30) and the data of each are
explained hereinafter. Column A1 identifies the mode
(CCD) and the cycle number. Columns A2, A3, and A4
stand for the respective inlet, outlet, and mean module
concentrations per given CCD cycle derived from the
selected MR for 47 bar applied pressure and the speci-
fied flow rates of the HP and CP pumps. Columns A5,
A6, and A7 stand for the respective inlet, outlet, and
average osmotic pressures per given CCD cycle derived
from the appropriate module concentrations. Columns
A8, A9, A10, A11, and A12 stand for respective flux
and flow rates of HP (QHP), CP (QCP), permeate (QP),
and HP + CP (QHP + QCP, module inlet) per given CCD
cycle with that of CP maintained constant throughout
the entire sequence and those of HP and permeate
change as function of MR. Columns A13, A14, and A15
stand for the selected MR and calculated pf which yield
a calculated applied pressure of 47 bar, respectively,
with MR defined by Eq. (1) from cited flow rates
adjusted per each cycle in compliance with the fixed
applied pressure (47 bar) requirements expressed by
Eq. (2) and pf expressed by Eq. (3), where pa is applied
pressure (bar); μ, flux (lmh); A, permeability coefficient
(L/m2/h/bar); TCF, temperature correction factor; Δπav,
average module concentrate-side osmotic pressure
(bar); Δp, pressure difference (bar) of CP; pp, permeate
release pressure (bar); πp, module permeate-side
osmotic pressure (bar); Y, MR ratio; and k, an empirical
factor determined from the IMS Design data for SWC6-
MAX. Columns A16 and A17 stand for CCD CD
expressed in min by Eq. (4) and cumulative sequential
time (Σmin) expressed by Eq. (5), where QCP (m3/h) is
cross-flow rate of CP (3.0 m3/h), Vi, the intrinsic vol-
ume of closed circuit (58.4 titer); and N, number of
cycles of sequence progression. Noteworthy that CD is
maintained fixed (0.75 min/cycle) throughout the
sequence since both terms QCP and Vi remain
unchanged. Column A18 stands for permeate volume
production at a given cycle [Vp(N)-liter] expressed by
Eq. (6) and column A19 for the cumulative permeate
volume [ΣV(N)] over the 1 → N cycles expressed by
Eq. (7). Column A20 stands for the mean permeate pro-
duction (m3/h) at a given cycle in the sequence derived
from ΣV/Σmin × (60/1,000) and A21 for the cumulative
batch recovery at a given cycle in the progression
defined by Eq. (8) on the basis of the cumulative

permeate volume (ΣV) and intrinsic closed-circuit
volume (Vi).

The power (kW) requirements per cycle in column
A22 stand for HP plus CP as defined by the respective
expressions Eqs. (9) and (10) with the pertinent parame-
ters of flow rates (m3/h), pressures (bar), and efficiency
ratio of pumps (f). The module pressure difference term
(Δp) in Eq. (10) is derived from Eq. (11); where n = 1 is a
single element module; Qmi (=Qp + QCP), module inlet
flow rate; and Qmo (=QCP)—module outlet flow rate.
The consumed energy (kWh) per cycle in column A23 is
the product of power and CD with cumulative sequen-
tial energy (ΣkWh) displayed in column A24 and
cumulative specific energy in A25 according to Eq. (12).

The TDS of permeate per cycle in column A26 is
derived by Eq. (13), where CP is permeate TDS; Cf,
feed TDS at start of each cycle; and B, the salt diffu-
sion coefficient of the SWC6-MAX element. The TDS
of the average permeate during the sequence progres-
sion is displayed in column A27 takes into account the
accumulation over the preceeding cycles. The concen-
tration (ppm) of silica in permeate per cycle is dis-
played in column A28 and derived by Eq. (13) from
the initial silica concentration per cycle and the rele-
vant pf and flux parameters and the average silica con-
centration during the sequential progression in
column A29 is derived by analogy with the average
permeate TDS term in column A27. The Silica content
in the concentrates (CONC) displayed in column A30
is derived from the initial Silica concentration and the
batch recovery terms in column A21.

MR %ð Þ¼ 100�QHP/ QHPþQCPð Þ¼ 100�QP/ QPþQCPð Þ
(1)

pa ¼ l=A=TCF þ Dpav þ Dp=2 þ pp � pp (2)

pf ¼ 10 k�Yð Þ (3)

CD minute/cycle
� �

= 60/1,000ð Þ�Vi=QCP (4)

Rmin ¼ 60/1,000ð Þ � Vi � N=QCP (5)

Vp Nð Þ = 1,000/60½ � � Qp Nð Þ � CD ¼ Qp Nð Þ � V=QCP

(6)

RV Nð Þ¼ Vp Nð Þ þ Vp N � 1ð Þ þ Vp N � 2ð Þ þ . . .
þ Vp N ¼ 1ð Þ (7)
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Sequence Recovery ¼ RV= RV þ Við Þ � 100 (8)

PHP kWð Þ ¼ 1=36ð Þ �QHP � pa=fHP
¼ 1=36ð Þ �QP � pa=fHP (9)

PCP kWð Þ ¼ 1/36ð Þ �QCP � Dp=fCP (10)

Dp ¼ 8=1; 000ð Þ � n� QmiþQmoð Þ/2½ �1:7 (11)

Specific Energy kWh/m3� � ¼ RkWh=RV m3
� �

(12)

Cp ¼ B � Cf � pf � TCF=l (13)

3.2. Theoretical model batch performance simulation for the
SWRO-OCD ME (E = SWC6-MAX) unit with feed of
1.0% NaCl also containing 125 ppm Silica under fixed
applied pressure of 47 bar

The theoretical model performance simulation of
the batch SWRO-OCD unit (Fig. 1) with 338 liter feed
of 1.0% NaCl also containing 125 ppm silica under
fixed applied pressurized (47 bar) conditions with an
initial pressurized feed flow rate of 5.45 m3/h, initial
permeate flow rate of 2.46 m3/h with an initial mod-
ule recovery of 45% is described in Table 2.

Pressurized feed in the OCD unit design (Fig. 1) is
supplied by HP under conditions of fixed flow rate
(5.45 m3/h) at FP (47 bar) though an external Feed
Tank containing an initial feed volume of 338 L. Col-
umns B30 and B31 provide the volumetric inventory
of feed in the Tank at the start and end of each cycle
determined from the released permeate volume per
cycle revealed in column B17. The Tank feed concen-
tration (%) at the end of each cycle B32 is estimated
from the relevant batch recovery term in column B20
and the end cycle Tank volume in column B31.
Accordingly, the module inlet concentration at a given
cycle in column B2 is the preceding end-cycle Tank
concentration revealed in column B32. The module
inlet concentration during the OCD process is deter-
mined by the mixing of the brine effluent volume with
the leftover volume in the Tank after each cycle, ignor-
ing salt passage to permeates.

In the OCD model data (Table 2), the feed flow
rate created by HP is fixed (5.45 m3/h) with declined
permeate flow and flux according to the selected MR
required to sustained a fixed applied pressure of

47 bar. The cycle duration (CD) in column B15 is the
residence time of the inlet fluid defined from the
intrinsic volume of the module (58.4 L) and the flow
rate of brine at outlet.

4. Compared performance results of the single
element OCD and CCD units

The theoretical model comparison between the FP
(47 bar) CCD (Table 1) and OCD (Table 2) batch pro-
cesses is carried out for units comprising identical
modules of same element and intrinsic volume under
identical initial conditions of permeate flow rate and
MR with model simulation data of declined flux over
20 cycles with 82.65 ± 0.05% batch recovery under
fixed operational pressure (47 bar) generated by the
same theoretical equations starting with the same feed
(1.0% NaCl also containing 125 ppm of silica). The
intent of this theoretical study is to explore the perfor-
mance of both units under super-saturation conditions
with respect to silica which according to the reported
OCD [7] experiments requires feed pH of 3–5 and an
effective anti-scaling agent such as Pre-treat Plus-0400
or alike. In reference to the starting conditions of the
batch processes described in Tables 1 and 2, it should
be pointed out that running an IMS Design program
[12] for a single-element SWC6-MAX [13] module with
the same feed (1.0% NaCl also containing 125 ppm of
silica) under the specified initial flow conditions of
2.45 m3/h permeate (60 lmh) with 45% recovery at
temperature of 25˚C and pH of 7.0 (instead of 3–5)
without the use of an anti-scaling agent led to just one
warning statement “concentrate saturation of SiO2 too
high (180%)”. Silica scaling restricts the recovery level
of many BWRO applications, and the ability to carry
out such desalination processes with super-saturated
silica concentrates is a subject matter of considerable
interest discussed hereinafter in the context of the
OCD and CCD batch processes.

The batch progression scales of time, cycles, and
recovery for the compared CCD and OCD processes
under review are displayed in Fig. 3 and reveal the
same number of cycles (20 cycles) of about the same
recovery (82.65 ± 0.05%) with sequence periods of 23.35
and 19.94 min, respectively. The longer sequence period
duration of the CCD batch is primarily due to the dilu-
tion effect whereby recycled concentrates are mixed
with fresh pressurized feed at module inlet, thereby,
causing lower module inlet concentrations and longer
cycles on route to the defined recovery compared with
OCD. A longer sequence duration implies a milder
pathway of smaller concentration variations and greater
uniformity during most of the CCD cycles compared
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Table 1
Theoretical model batch performance simulations for the SWRO-CCD ME (E = SWRO-MAX) unit (Fig. 2) with feed of
1.0% NaCl also containing 125 ppm Silica under fixed applied pressure (47 bar) with an initial pressurized feed flow rate
of 2.45 m3/h, initial permeate flow rate of 2.45 m3/h, fixed flow rate of recycled concentrates of 3.0 m3/h, initial flow rate
at module inlet of 5.45 m3/h, and initial module recovery of 45.0%
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with those of OCD as evident by the inlet–outlet mod-
ule concentration variations on the recovery scale
revealed in Fig. 4; wherein CCD concentrations are
shown to remain significantly below those of OCD and
reach the same proximity only towards the end of batch
recovery sequences. The Tank feed volume changes
during the OCD batch process are displayed in Fig. 5 as
a function of cycles (A), sequence time progression (B),
and recovery (C). Likewise, the Tank feed concentration
variations are displayed in Fig. 6 as a function of cycles
(A), sequence time progression (B), and recovery (C),
respectively.

Osmotic pressures’ variations at module inlet–out-
let during the CCD and OCD batch processes under
review due to change of concentrations (Fig. 4) are
displayed in Fig. 7 as a function of recovery with
reference to the fixed applied pressure. In these batch
processes, both inlet and outlet concentrations and
osmotic pressures increase simultaneously as function
of batch sequence progression along the time, cycles,
and recovery scales and this implies declined net driv-
ing pressure (NDP = pa − Δπ), or declined flux, since
applied pressure (pa) is maintained constant. Batch
processes under fixed applied pressure such as CCD
and OCD are characterized by declined flux, MR, and
concentration polarization factor and these features in
the context of the current study are revealed on the
recovery scale in Fig. 8(A, B, and C), respectively. Per-
meate production variations per cycle and average on
the recovery scale of the compared CCD (Table 1) and
OCD (Table 2) batch processes in Fig. 9 reveal an
average of 0.72 m3/h after 23.3 min of 278.8 L perme-
ate volume received with 82.7% recovery by the for-
mer and 1.06 m3/h after 15.94 min of 280.4 L permeate
volume received with 82.9% recovery by the later.
Both processes start with same CD (1.17 min/cycle)
and permeate production rate (2.45 m3/h); however,
the CD during OCD declines (1.17—0.64 min/cycle),
whereas that of CCD remains constant and this
implies more early batch cycles of greater contribution
to the average permeate production in the OCD pro-
cess as is manifested by the comparative results in
Fig. 9. The compared batch production rates derived
from ΣV/Σmin manifest similar ΣV terms (278.8 and
280.4 L) and a much shorter Σmin for OCD (15.9 vs.
23.3 min) for reasons already discussed.

Permeate TDS variations of the compared CCD
(Table 1) and OCD (Table 2) batch processes in Fig. 10
reveal higher per cycle values for latter with a similar
average up to 75% recovery and thereafter, a higher
average for the former. The compared values per cycle
are consistent with the faster declined flux, MR, and
concentration polarization of the OCD batch process
displayed in Fig. 8(A, B, and C), respectively. In

contrast with TDS values per cycle, the average TDS
incorporates contributions of preceeding cycles and
passing the ~75% recovery level with CCD requires
additional 15 cycles of 17.51 min duration for 105.5 L
permeate production in order to complete the batch
recovery of 82.4%; whereas in case of OCD, the need
is of additional 12 cycles of 8.04 min duration for
29.5 L permeate production in order to reach a similar
recovery level. The fewer number of cycles of dimin-
ished duration for a smaller permeate volume produc-
tion in case of the OCD batch process compared with
CCD dictates the improved average TDS of permeates
observed for the former process. Silica TDS values in
permeates (Fig. 11) and concentrates (Fig. 12) of the
compared CCD (Table 1) and OCD (Table 2) batch
processes are noteworthy since both processes are per-
formed with silica-saturated feed and silica super-
saturated concentrates at low pH in the presence of an
appropriate antiscalant under which conditions super-
saturation with respect to silica was claimed [7] to be
undisrupted. The Silica pattern in permeates displayed
in Fig. 11 is exactly analogous to that of TDS in Fig. 10
for the same reasons already discussed. The maxi-
mum permeate Silica per cycle at the last batch cycle
(number 20) is 96.9 ppm for CCD (Table 1) and
1,100 ppm for OCD (Table 2) manifesting the shorter
cycles (0.64 instead 1.17 min/cycle) of lower permeate
volume production (0.06 instead of 1.2 L) by the latter.
In simple terms, the OCD batch process creates
permeates of exceptionally high Silica content with
increased recovery and such an effect with CCD takes
place in a milder form. The super-saturation of silica
in the recycled concentrates of the batch processes
under review is evident in Fig. 12 with identical rise
of Silica super-saturation as a function of increased
recovery. Silica of 125 ppm in the feed of the simu-
lated processes corresponds to the saturation limit of
100% and therefore right from start, the Silica content
in recycled concentrates of said processes exceeds the
saturation level with increased super-saturation con-
comitant with increased recovery. Silica concentrations
at the end of the compared processes (SiO2:
722–734 ppm) exceed the saturation limits by ~5.8-fold
(580%) and the ability to desalinate under such
extraordinarily high super-saturation level most obvi-
ously relates to the reported [7] conditions of a
declined flux batch process at low pH in the presence
of effective scaling inhibitors with demonstrated maxi-
mum silica super-saturation exceeding 1,000 ppm.

Specific energy (SE) variations as function of recov-
ery of the compared CCD (Table 1) and OCD (Table 2)
batch processes are displayed in Fig. 13. The SECCD of
CCD during the batch sequence progression originates
from the HP and the CP pumps according to Eqs. (14)
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and (15), respectively. The flow rate of HP and perme-
ate in CCD are the same, and this implies according to
Eq. (14) on the basis of the data in Table 1 fixed SEHP-

CCD of 1.536 kWh/m3. The SECP-CCD according to Eq.
(15) is a function of the cited flow rates which manifest
the range of 0.0097–0.396 kWh/m3 and an average of
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Fig. 3. Batch sequence period vs. cycles (A) and recovery (B) as well as cycles vs. recovery (C) for the compared CCD
(Table 1) and OCD (Table 2) batch processes under FP of declined flux.
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0.203 kWh/m3 for the entire batch sequence. The
aforementioned explains the small SECCD variability
(1.545–1.569 kWh/m3) revealed in Fig. 13 for the CCD
process. The power consumption of HP during the

OCD according the data in Table 2 is fixed (8.4 kW);
however, SEHP-OCD is also a function of the declined
flow rate of the permeate [Eq. (16)] with average
increases in the range 3.409–7.930 kWh/m3 from start
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Fig. 5. Tank feed volume variations during the OCD batch process as function of cycles (A), batch sequence duration (B),
and recovery (C) according to the data in Table 2.
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duration (B), and recovery (C) according to the data in Table 2.
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to end of this batch sequence. The SEHP-OCD per cycle
during this OCD process corresponds to an extraordi-
narily large range starting at 3.409 kWh/m3 and climb-

ing exponentially to 840 kWh/m3 (8.40/0.01) at the
end of the OCD batch process where Qp = 0.01 m3/h.
The data in Tables 1 and 2 reveal energy saving by

Applied and module inlet-otulet osmotic pressures vs Recovery
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Fig. 7. Batch sequence variations of module inlet–outlet osmotic pressures as function of recovery for the compared CCD
(Table 1) and OCD (Table 2) batch processes under FP of declined flux.
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Table 2
Theoretical model batch performance simulations for the SWRO-OCD ME (E = SWRO-MAX) unit (Fig. 1) with 338 liter
feed of 1.0% NaCl also containing 125 ppm silica under fixed applied pressure (47 bar) with an initial pressurized feed
flow of 5.45 m3/h, initial permeate flow of 2.46 m3/h, and initial module recovery of 45.1%

A. Efraty / Desalination and Water Treatment 57 (2016) 9569–9584 9579



 Permeate production vs recovery
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Fig. 9. Permeate production rate variations per cycle and average as function of recovery for the compared CCD (Table 1)
and OCD (Table 2) batch processes under fixed applied pressure of declined flux.
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Fig. 10. Permeates TDS variations as function of recovery for the compared CCD (Table 1) and OCD (Table 2) processes
under fixed applied pressure of declined flux.
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Fig. 11. Silica content in permeates as function of recovery for the compared CCD (Table 1) and OCD (Table 2) processes
under fixed applied pressure of declined flux.
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Fig. 12. Silica content in recycled concentrates as function of recovery in the compared CCD (Table 1) and OCD (Table 2)
processes under fixed applied pressure of declined flux.
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CCD compared with OCD as a function of recovery
(R) of 62.9% at R = 70.%, 68.1% at R = 80.8%, and
80.2% at R = 82.9%.

SEHP�CCD¼ PHP kWð Þ=QP m3/h
� �

¼ 1=36ð Þ � QHP=QPð Þ � pa=fHP ¼ 1=36ð Þ � pa=fHP (14)

SECP�CCD ¼ PCP kWð Þ=QP m3/h
� �

¼ 1=36ð Þ � QCP=QPð Þ � Dp=fCP (15)

SEHP�OCD ¼ PHP kWð Þ=QP m3/h
� �

¼ 1=36ð Þ � QHP=QPð Þ � pa=fHP (16)

5. Discussion

The noteworthy results of volume reduction and
water rescue from BWRO brine effluents of high Silica
content reported [7] with single-element module for
SWRO-OCD apparatus most probably manifest the
conditions the trials at low pH in the presence of effec-
tive antisclant for Silica under declined flux of a batch
process with an effective control of the membrane per-
formance made possible by single-element modules.
The comparative theoretical model performance

analysis of the same feed source using identical single-
element modules under same initial flow rates, MR,
and ultimate recovery conditions in the context of
SWRO-OCD and SWRO-CCD reveals a milder process
of much lower energy consumption (Fig. 13) for the lat-
ter process with similar average TDS of permeates
(Fig. 10) and Silica content (Fig. 11) of same Silica con-
tent in both brine effluents (Fig. 12). The dilution effect
only possible with the CCD process further reduces the
probability of scaling. The entire process in CCD is car-
ried out in the closed circuit without need for an exter-
nal Tank and thereby, avoiding contact between the
recycled concentrates and air which in some cases may
cause undesirable oxidation of certain brine compo-
nents if found (e.g. H2S). In light of the aforementioned,
it would appear that CCD should be preferred over
OCD for volume reduction of brine effluents at large.

A reference [7] in the context of batch SWRO-OCD
suggested the possibility of similar volume reduction
processes also with modules containing more than one
element and the same also applies to the SWRO-CCD
facility in light of its dilution effect. The CCD process
enables considerable module performance flexibility
and versatility not possible with OCD such as an ini-
tial batch process under fixed flow and variable pres-
sure conditions with fixed flux and low MR (<15%)
and on-line change of operational mode at a selected
applied pressure set point to FP of variable flow
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condition until the ultimate desired recovery is
attained. A duel operational modes batch CCD should
enable even milder conditions of volume reduction
with lower energy requirement and reasonable perme-
ates of low silica content, since the declined volumes
of high TDS contributes meaningfully to the average
TDS of permeates only towards the end of the batch
process.

In the reported [7] OCD process, emphasis was
made to the restored membrane performance after each
batch sequence by brief rinse with permeate and this
also explained the preference of a batch-style process
for such an application. The broader aspects of
desalination under super-saturation Silica conditions
are of general interest also for continuous BWRO
desalination processes of high Silica feed of confined
recovery prospects and no simple means to restore
membrane performance by rinsing with permeate as in
case of batch processes. While this subject matter is
beyond the immediate scope of the current study on
volume reduction of difficult Silica-containing effluents,
it should be noteworthy that preliminary results [14] on
continuous BWRO-CCD desalination of a domestic
water sources in Israel with 78 ppm nitrate and 37 ppm
silica at ordinary pH 7.0 using modules of three
elements and antisacalants revealed the attainment of
88%–93% recovery under continuous operational
conditions with the respective brine Silica range of
308–528 ppm, well above the ordinary saturation level
of Silica. The aforementioned may suggest that both
batch and continuous CCD processes are of lower scal-
ing characteristics compared with conventional PFD
techniques and may be used effectively to enhance
BWRO recovery of high silica-containing sources.

6. Summary

In light of the recent demonstration of brine
(>10,000 ppm TDS with silica >124 ppm) volume reduc-
tion by an OCD of 80–85% recovery using SWRO batch
apparatus containing single-element modules operated
at low pH with fixed applied pressure of declined flux
under high super-saturation conditions with respect to
silica, the present study assesses an analogous process
under CCD conditions. In order to compare between
the OCD and CCD batch processes, theoretical model
performance simulations were carried out with SWRO
batch apparatus of same single-element (SWC6-MAX)
module design under the same conditions of same feed
source (10,000 ppm NaCl with 125 ppm silica), applied
pressure (47 bar), initial flow rates (5.45 m3/h module
inlet; 3.00 m3/h module outlet; and 2.45 m3/h perme-
ate), module recovery (MR = 45%); over 20 cycles of

82.85 ± 015% batch recovery at 25˚C under the same
presumed pH (3–5) using the same antiscalant of the
original OCD study [7]. The results of this theoretical
study reveal milder batch process conditions for CCD
compared with OCD of longer sequence duration (23.35
instead of 15.95 min), much lower energy consumption
(1.57 instead of 7.93 kWh/m3) with average TDS of
permeates about the same for both processes up to
~75% batch recovery and higher for former process (531
instead of 316 ppm TDS) at the ultimate batch recovery
(~83%) level and same pattern also repeated for the
average Silica content in permeates (6.76 instead of
3.65 ppm silica). Silica in the recycled concentrates
of both CCD and OCD processes is found in the range
of 125–728 ± 6 ppm) and reveals desalination under
high super-saturation conditions with silica maximum
of ~5.8-fold (~580%) excess over the ordinary saturation
level of silica.

The advantage of batch CCD over OCD revealed
in the current study may suggest the effective use of
the former process for volume reduction of difficult
industrial effluents at large as well as to the effective
use the consecutive sequential BWRO-CCD technology
with module containing more than one element for
high recovery desalination of rich Silica-containing
brackish water sources.
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