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HIGHLIGHTS GRAPHICAL ABSTRACT

e Batch RO successfully treated brackish
groundwater at high recovery (80 %)
and with low energy consumption (SEC
< 0.5 kWh/m®).

e Despite a high risk of scaling in the
simulated groundwater (LSI of 1.7-2.6)
no scaling was observed.

e Four anti-scaling mechanisms: periodic
flushing, feed flow reversal, osmotic
backwash, and salinity cycling

e SEC was comparable (within 7 %) to
that of batch RO treating pure NaCl
solutions

Anti-scaling mechanisms in batch RO

ARTICLE INFO ABSTRACT
Keywords: Batch RO desalination is a new approach to high-recovery, energy-efficient desalination. So far, however, batch
Scaling RO has been tested mostly with pure sodium chloride solutions. An important application of batch RO is

Osmotic backwash
Periodic flushing
Feed flow reversal
Salinity cycling

desalination of brackish groundwater which, besides sodium chloride, contains sparingly soluble salts. In this
experimental study of a batch RO system, we used simulated groundwater (with total dissolved solids ranging
from 1180 to 3637 mg/L) following compositions of samples taken from a location in Egypt and a location in
India. The groundwater contained high levels of salts which could be expected to cause scaling on the RO
membrane surface. For example, the Langelier Saturation Index (LSI) for calcite reached 2.6 in the brine.
Nonetheless, the system resisted scaling throughout >100 h of operation. Membrane permeability remained
almost unchanged, as demonstrated by tests conducted before and after the experiments. Induction time cal-
culations showed that salinity cycling did not fully explain the scaling inhibition. Other anti-scaling mechanisms
- such as periodic flushing, osmotic backwash, and feed flow reversal — were also likely contributors. At recovery
of 0.8, hydraulic specific energy consumption (SEC) was <0.5 kWh/m® and close to that obtained with sodium
chloride solution at equivalent osmotic pressure.
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1. Introduction

Batch RO is a relatively new approach to desalination that has gained
interest because it achieves high efficiency and recovery rates in a
compact design [1]. However, much of the research on batch RO has
been done with feed water containing a solution of a single salt — typi-
cally sodium chloride (NaCl). For example, using NaCl solution, Wei
et al. [2] studied a batch RO system to conclude that (compared to
standard continuous RO) batch RO could save about 11 % of energy in
the desalination of seawater at recovery of 0.55. In a study of brackish
water desalination, Hosseinipour et al. [3] measured the performance of
a batch RO system, fed by NaCl solution of concentration 1000-5000
mg/L and obtained electrical SEC of 0.48-0.83 kWh/m? at a recovery of
0.8. This was better than achieved by most existing brackish RO systems.
Compared to standard RO, batch RO allows recovery to increase without
large penalties in SEC. Thus, by operating in hybrid semi-batch/batch
mode, batch RO achieved recovery of 0.94 with SEC of just 0.54 kWh/
m® using NaCl feed solution of concentration 1500 mg/L [1].

Though these studies have shown batch RO to be a promising tech-
nology, for practical applications it is important to understand how it
will perform with realistic feed water compositions containing multiple
components as opposed to simple NaCl solution. One important category
of feed water is brackish groundwater which occurs in many aquifers
exploited by humans across the world. Brackish water desalination ac-
counts for about 25 % of the RO desalination output globally [4].
Typically, brackish groundwater contains many other salts besides so-
dium chloride, dependent on the geology of the aquifer from which it is
extracted [5]. Because of its high energy efficiency at high recovery,
batch RO is envisaged as a good solution to desalinate groundwater.
However, given the many and varied groundwater compositions
occurring worldwide, testing batch RO with every possible composition
is not practical. Therefore, if experiments and models based on sodium
chloride are a good representation of performance with more complex
compositions, this will be a very useful simplification when it comes to
developing and testing batch RO technology.

Unlike sodium chloride, some of the other salts in groundwater may
be sparingly soluble. Such salts are prone to precipitate on the mem-
brane surface, thus causing mineral fouling (i.e., scaling) which can lead
to loss of performance, manifested as decreased permeate output or
increased pumping pressure and energy consumption. Sparingly soluble
salts common in groundwater include CaCOs, CaSO4, BaSO4, SrSO4,
CaFj, and Cag(POg4)2. According to Liu et al. [6], calcium carbonate
(CaCO03) and calcium sulfate (CaSO4) are the most prevalent sources of
scaling in RO desalination. To mitigate scaling, acid [7] and anti-
scalants [8-10] are often dosed to the feed of groundwater RO plants.
The required dosing volume depends highly on the recovery of the plant
which is constrained by the presence of the sparingly soluble salts. Thus,
to reduce the usage, cost, and environmental impact of the anti-scalant
chemicals, designers may prefer to decrease the plant’s recovery in some
cases [11]. Even with anti-scalant dosing, Ruiz-Garcia et al. [12] re-
ported a limitation in recovery to a maximum of 0.76 using Genesys anti-
scalants, depending on the feed composition of the brackish water
source. In contrast to such need to limit recovery, the cost-efficient
operation of inland brackish water RO favours high recovery [12-14].

The cyclic nature of the batch RO process provides four mechanisms
that could provide advantages over standard continuous RO when it
comes to avoiding fouling and scaling at high recovery. Each mechanism
has been used individually in other RO or other membrane separation
processes, but all four are brought together in batch RO [15].

The first mechanism is flushing, which occurs towards the end of
each cycle of the batch RO operation. During the initial phase of the
cycle (i.e., pressurisation) the concentration in the RO channel gradually
increases above the feed concentration. Precipitation and scaling by
salts could be expected at these elevated concentrations. Then, during
subsequent flushing, the concentration falls back down close to the feed
concentration — providing an opportunity to redissolve any precipitated
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salts and remove them from the membrane surface. Permeate output
flow is paused such that precipitates are no longer drawn towards the
membrane; while tangential flow continues and provides a cleaning
action to sweep away deposits. Flushing is already a common method to
remove scaling and fouling in many types of membrane processes. It is
regularly used, for example, in clean-in-place procedures in standard RO
plants [16]. In batch RO, however, the role of flushing is less well known
and understood.

The second mechanism is osmotic backwash, which occurs at the end
of the pressurisation phase of each batch RO cycle. At this moment, the
feed pressure falls suddenly, such that the osmotic pressure of the brine
causes permeate to flow back through the membrane and into the feed
channel [2]. This backflow continues until enough flushing has taken
place to lower the osmotic pressure in the feed channel. Osmotic back-
wash has a downside in that it reduces output and recovery slightly, but
the upside is that it may help to restore membrane permeability by
lifting scaling species off the membrane. Many studies have confirmed
the foulant removal potential and flux restoration of cleaning RO
membranes using the osmotic backwash method [17-23]. For example,
in a UF-RO pilot system treating secondary treated effluent, a direct
osmosis backwash using high-salinity solution injection (varying from
100 to 136 g/L) was studied [17]. The study reported a five-fold increase
in brine turbidity (3 NTU) compared to the normal process without os-
motic backwash (0.6 NTU), showing that foulants were effectively
removed and carried away in the brine stream. Osmotic backwash is not
unique to batch RO, as it can occur in other types of RO where permeate
flow is intermittent. For example, battery-less solar-powered RO systems
experience starting and stopping of permeate production as solar radi-
ation varies over the diurnal cycle or more frequently [24]. Even grid-
connected continuous RO systems could be controlled to provide os-
motic backwash through deliberate stopping and starting. Nevertheless,
the periodic and frequent (i.e., every few minutes) occurrences of os-
motic backwash in batch RO make it particularly relevant for this
technology.

Thirdly, feed flow reversal occurs in some batch RO systems, which
can also be beneficial to delay nucleation and thus counter scaling. In a
standard continuous RO system, scaling normally begins near the brine
outlet end of the RO module, where the concentration of minerals is
highest [25,26]. Feed flow reversal could mitigate scaling by periodi-
cally introducing fresh feed at the outlet (i.e., by swapping the inlet and
outlet), thus disrupting precipitation and preventing or redissolving
scale before it builds up significantly. Again, this is not unique to batch
RO. Feed flow reversal RO exists as a non-batch RO technology designed
to take advantage of this effect and reduce anti-scalant dosage [27,28].
In 2012, for example, Gu et al. [29] demonstrated feed flow reversal at
recovery up to 0.81 without anti-scalant, despite calcium sulfate (gyp-
sum) saturation index reaching 0.54 at the RO outlet. Batch RO may
provide varying degrees of feed flow reversal, depending on the
configuration chosen. For example, double-acting batch RO systems can
provide full flow reversal, meaning that equal operation time is spent
running in either flow direction [30,31]. Some single-acting batch RO
systems use no feed flow reversal; whereas others use partial feed flow
reversal, meaning that flow is reversed for a shorter period corre-
sponding to the purge phase of operation only [32] — as is the case in the
current study.

Fourthly, salinity cycling in batch RO may also help reduce scaling.
Although, for a given recovery, the final concentration in batch RO must
reach the same maximum as in continuous RO, the maximum is only
reached momentarily during the batch RO cycle. Supersaturated con-
ditions are therefore only transient, such that scaling may be avoided if
they do not persist sufficiently for salt crystals to nucleate [33,34]. In a
study of salinity cycling, Warsinger et al. [33] used a model of crystal
nucleation to predict promising anti-scaling performance of batch or
semi-batch RO processes treating CaCO3 and CaSO4 solutions. The study
used the following correlation between the nucleation induction time
and saturation index of CaCO3 which crystalises as calcite:
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where ting caco, is the nucleation induction time [s], LSI is the Langelier
saturation index, and T is the absolute temperature [K]. For CaSOy,
which crystallises as gypsum, the following correlation was used [33]:

tind.Cas0s = 55.5 ST+ S1 < 0.2 (2)
where SI is the saturation index. By comparing the residence time of the
water to the nucleation induction times calculated, the study predicted
the scaling of the salts based on residence times in typical RO systems
and predicted the maximum possible recovery for batch vs. standard
continuous RO, assuming saturated feed solutions. In the case of CaCOs,
it predicted significant bulk nucleation starting at recovery r = 0.87 in
batch RO, compared to only r = 0.74 in standard continuous RO [33]. In
the case of CaSOy, the corresponding thresholds were r = 0.87 (batch) vs
r = 0.54 (continuous). Thus, batch RO should be able to operate at r =
0.87 when challenged with either of these sparingly soluble salts. This is
a high recovery compared to many current groundwater desalination
systems.

To investigate the hypothesis that batch RO helps to reduce fouling,
this paper reports laboratory experiments with a single-acting batch RO
system that includes these four features of periodic flushing, osmotic
backwash, feed flow reversal, and salinity cycling. Unlike most previous
experimental studies which used only sodium chloride, the experiments
have been performed with feedwater which poses a risk of mineral
scaling. The feedwater was made up to replicate samples taken in the
field in two case study locations, one in Egypt and the other in India. In
both cases, groundwater quality is poor, and desalination is required to
upgrade it for drinking and irrigation purposes. Therefore, the use of
batch RO is of practical interest to address the scarcity of good-quality
water in both locations. Using these groundwater compositions, this
paper quantifies important performance parameters, including SEC,
peak pressure and rejection and compares these to the experimental and
modeling results obtained previously with sodium chloride. By testing
performance before and after the series of tests, we show that no sig-
nificant drop in performance occurred. The Discussion section analyses
the results in comparison to other studies that used similar approaches to
avoid scaling in various types of RO system.

2. Case study locations
2.1. Siwa Oasis, Egypt

The first location is Siwa Oasis, Egypt, where samples have been
taken from the Tertiary Carbonate Aquifer System. This is a shallow
limestone aquifer, of depth 10-200 m, characterized by its medium to
high salinity: the samples contained total dissolved solids (TDS) of
1300-8600 mg/L (with an average of 4200 mg/L). Siwa Oasis is
considered among the most promising locations in the Western Desert of
Egypt for future agricultural expansion projects because of the avail-
ability of groundwater. Currently, the aquifer is exploited mainly for the
irrigation of crops such as dates and olives. The use of irrigation,
together with the high rate of evaporation during the summer, leads to
the development of a thick salty layer that hampers such agricultural
activities [35]. The uncontrolled withdrawal of groundwater and agri-
cultural expansion in the last decades has led to the decline of piezo-
metric head levels and the deterioration of groundwater quality [36].
Consequently, Siwa Oasis suffers from environmental problems
including water logging, soil salinization, inefficiency of disposed
drainage water systems, and loss of agricultural productivity. As a result
of the increased salinity in the groundwater wells, it has been suggested
to construct RO desalination systems to enhance the water quality for
irrigation [37]. Nonetheless, the presence of limestone in the aquifer is
likely to present a challenge for RO because of calcite scaling.
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2.2. Saurashtra region, Gujarat, India

The second location is the semi-arid Saurashtra region of the Indian
state of Gujarat, where the coastal strip has become severely affected by
saline intrusion. A recent field study focused on Lodhva, a village of
about 8500 inhabitants that has relied on groundwater for domestic,
agricultural, and industrial uses [38]. There are limestone reserves in
this area, and numerous cement businesses engage in open-pit mining.
The coastal aquifer has been made is more susceptible to seawater
intrusion by such mining. Deterioration in groundwater quality, which
now typically contains 2000-3500 mg/L of dissolved solids, effectively
renders it unfit for human consumption. Consequently, piped water has
been introduced to provide drinking water from distant reservoirs.
Nevertheless, the supply of such water is intermittent and not accessible
to all villagers; and its quality cannot be guaranteed. As regards the
disposal of wastewater, Lodhva has no infrastructure or treatment sys-
tems for this purpose. Domestic wastewater is mostly discharged to
simple soak pits adjacent to buildings. The problems at Lodhva are
typical of those in Saurashtra and more broadly across Gujarat — which
has over 3500 km? of salinized land in total [38].

3. Materials and methods
3.1. Feedwater composition

The feedwater compositions used in this study are based on the
analysis of field samples from the above two locations, as reported in
[37,38]. In total, 54 sample compositions were reported from Siwa
(Egypt) and 20 from Lodhva (India) — henceforth referred to simply as
Egypt (E) and India (I) samples, respectively. Each sample was taken
from a different well. Four sample compositions have been chosen from
each location, giving eight in total. The TDS of the chosen compositions
ranged from 1138 to 3492 mg/L (see Table Al). These compositions
represent a range of salinities at each location (though some higher
salinities had to be excluded because of the 25-bar pressure limit of the
batch RO equipment used in this study). At these TDS levels, none of
these compositions meets general water quality requirements for
drinking. The levels would also exceed the acceptable limits of many
irrigated crops.

A Piper diagram has been used to classify groundwater quality
(Fig. 1). In the cation plot (left triangle), the Egypt samples lie towards
the alkali metal (Na™ + K1) vertex, indicating the dominance of these
cations. The India samples lie more towards the Ca’* vertex, showing a
greater abundance of calcium, which may be problematic for scaling. In
the anion plot (right triangle), all samples fall close to the halide (CI™ +
F7) vertex. The diamond plot shows that the Egypt samples are domi-
nant in (Na™= K*— CI'-SOZ%~ type) indicating the prevalence of alkali
metal ions (Nat + K*) and stronger acidic anions (C1~ + SO%’) over the
alkaline earth (Ca" + Mg?") and weaker acidic anions (CO3~ + HCO3).
The India samples are dominated by cations (Ca®* and Mg?*") and anions
(SO?{ and Cl1), which indicates permanent hardness in the water (Ca2+—
Mg?"-C17-S0%~ type). The Na/Cl ratio indicates that all the India sam-
ples (I11-14) have a ratio of <0.86, confirming that the wells are affected
by seawater intrusion.

The compositions were checked for charge neutrality (ignoring
minor ions at concentrations <1 mg/L). The discrepancy in the Egypt
samples was <0.4 %; whereas in the India samples it was as high as 6
and 9 % in the case of samples I1 and 12, respectively (that of I3 and 14
was <1 %). Adjustments to charge balance were therefore necessary
before making up the feedwater. The adjustments were made prefer-
entially to the higher concentrations of ions present to follow the re-
ported compositions as closely as possible. For example, Table 1 shows
the adjustments for sample E2. The total amount of cations reported was
3 C%* = 30470 peq/L, while the total amount of anions was 3" A%~ =
30310 peq/L. Therefore, we balanced them to the average value of >
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Fig. 1. Piper diagram for groundwater quality in Egypt (E1-E4) and India (I1-14).

Table 1

Charge balance adjustments for sample E2 (see Appendix for similar details for other samples).
Tons Measured value (mg/L) Measured value (peq/L) Adjustments (peq/L) Balanced concentration (peq/L) Balanced concentration (mg/L)
Ca%* 128 6384 -17 6367 127.7
Mgt 62.4 5136 -13 5122 62.2
Na® 423.2 18,408 —48 18,360 422.1
K" 20.28 519 -1 517 20.2
NHj 0.42 23 0 23 0.4
G _ 30,470 -80 30,390 -
HCO3 131.76 2160 6 2166 132.1
Cl™ 700 19,774 52 19,826 701.8
S0%~ 401.28 8351 22 8373 402.3
NO3 1.51 24 0 24 1.5
S A% - 30,310 80 30,390 -

Table 2

Ionic composition of feed water used in the experiments, following adjustment of change balance. The pH was measured after making up the tanks, without any
adjustment.

Sample pH  TDS Ca%t Mg>* Na® K" (mg/ NH{ HCO3 Cl™ (mg/  SOF~ NO3 F~ (mg/

number (mg/L) (mg/L) (mg/L) (mg/L) L) (mg/L) (mg/L) L) (mg/L) (mg/L) L)
Egypt El 7.8 1319 79.6 38.2 315.1 9.3 0.3 136.6 462 276.5 0.8 -

E2 7.9 1871 127.7 62.2 4221 20.2 0.4 132.1 701.8 402.3 1.5 -

E3 7.9 2788 151.5 114.8 669.7 25.8 0.6 171.3 1292 359.3 2.1 -

E4 7.9 3637 223.2 81.3 951.7 28.3 0.7 120 1560 669 1.9 -
India 11 7.9 1180 217.4 2.7 153 4.4 - 278.2 364.1 72.9 85.5 0.6

2 7.9 1994 338.1 77.4 222.4 5.6 - 277.2 885.5 89 96.2 0.6

13 7.9 2576 411.8 52.7 407.8 11 - 305.4 1226 133 26 0.6

14 7.9 2811 507.1 15 439.2 32 - 296.3 1360 109.8 50.5 0.6
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C%* =Y A% = 30390 mainly by adjusting the concentrations of Na*
and Cl~ which were the most concentrated ions in this case. Table 2
shows the ionic compositions used for the experiments, following similar
adjustments in each of the 8 cases.

The scaling potential of these compositions was analysed with the
help of PHREEQC software [39] applied to the feed and brine compo-
sition. The brine composition was based on a recovery of r = 0.8, cor-
responding to a fivefold increase in the concentration of all species with
respect to the feed. By calculating the saturation indices of the various
salts, PHREECQ identified three species at risk of scaling: CaCO3, CaSO4
and CaFs. In the case of CaF;, we took into account the background
concentration of 0.6 mg/L fluoride ions in the tap water used to prepare
the feed water. This was significant as the solubility of CaFy is only 15
mg/L at 25 °C, such that the addition of just small amounts of fluoride
can affect saturation. For CaCOs, solubility is pH-dependent, and the
Langelier Saturation Index (LSI) is used instead of the simple saturation
index (SD). A value of LSI or SI greater than zero indicates supersatura-
tion of the respective salt and thus a risk of scaling [40].

As seen in Table 3, all brine compositions had a high calcium car-
bonate scaling potential (LSI > 0 with values up to 2.6) which may cause
calcite to precipitate on the membrane. For comparison, Ruiz-Garcia
et al. [12] found that, even using anti-scalants, the maximum allow-
able LSI was in the range of 2.4 to 3 and this placed an important lim-
itation on the recovery achievable in their standard RO system. The LSI
values of the India compositions were much higher than those of the
Egypt compositions, sometimes exceeding 0 in the feed and not only the
brine. Calcium fluoride was also saturated in the brine, especially in the
India compositions. In contrast, there is little risk of calcium sulfate
scaling because the corresponding SI is negative except for a small
positive value in the brine for E4.

Overall, the brine has a high scaling potential. Scaling could be ex-
pected to occur towards the outlet of an RO module in standard,
continuous flow RO desalination. Anti-scalant chemicals would nor-
mally be used in such applications. According to proprietary software,
dosing of 2 mg of anti-scalant per L of feedwater would be recommended
in all eight cases. This confirms that these are suitable compositions to
evaluate batch RO for the possible occurrence of scaling.

3.2. Feedwater preparation

The method of Smith et al. [41] was used to formulate and prepare
the feed water solutions. Low solubility salts such as calcium sulfate and
magnesium carbonate were avoided since they are difficult to dissolve
and may precipitate (for example, Table 4 shows low solubility salts
avoided in the case E2). We grouped the required salts in compatible
combinations into the minimum number of stock solutions. Thus,
Table 5 shows the eight recipes used for feedwater preparation.

All chemicals were of analytical grade (purity >99 %) and purchased
from Sigma-Aldrich. The recipes were used to make up the feed tank
volume of 1200 L for each test, using tap water with TDS <100 mg/L. To

Table 3
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Table 4

Matrix of the salts used for the preparation of composition E2 using the
balanced concentrations calculated in Table 1 (see Appendix for similar data
for other samples). The red highlighted cells indicate possible salt combina-
tions that would result in insoluble salts and were therefore avoided.

Tons HCOy; | Cr SO NOy yC#
(neq/L) | (peq/L) (neq/L) | (neq/L)
Ca? B 6367
(neq/L)
Mg B 5122
(neq/L)
Na* 13436 3251 B 18360
(neq/L)
K* B B 24 517
(neq/L)
~ 23

(neq/L)

19826 8373 24 B

ensure dissolution and mixing, each salt was mixed with hot tap water
(at 50-60 °C) in smaller volumes before being added to the main feed
tank. Once all salts had been added, the feed tank was topped up to a
final volume of 1200 L as indicated by a weighing scale underneath the
tank (accuracy of £0.2 kg). Using a recirculating pump, the feed solu-
tion in the tank was further mixed for about an hour before the start of
each experiment. At the same time, using submersible titanium heaters
(D-D Premium Aqua Supply GmbH) and a thermostat, the temperature
was raised to 25 + 0.1 °C and then kept constant during the
experiments.

3.3. Experimental equipment and procedure

The batch RO laboratory equipment used a single-acting free piston
design (see Fig. 2). A description of the equipment and experimental
procedure, as used previously to treat NaCl solution, has already been
provided [3] and is not therefore repeated here. Based on the earlier
findings, a ratio of recirculation flow to feed flow of Qyecirc/Qfeed ~2 Was
chosen to minimize SEC. Like in [3], the membrane used was a Dupont
Eco Pro-440, 8-in. module with an active membrane area of 41 m>. The
flux varied from 11 to 23 L/m?/h (corresponding to feed flow rates of
about 8.4 to 16.4 L/min), giving an output of about 10 to 17 m>/day.
The system was operated at the design recovery of r = 0.8.

As reported in [3], salt retention causes an increase in concentration
during the initial cycles. The system reaches a stable condition after 34
cycles. Therefore, the recorded data of the fourth cycle (including
changes in the weight of the tanks, conductivities, pressures, flow rates,
and power consumption of the two feed and recirculation pumps) was

Scaling potential of calcium carbonate (as calcite), calcium sulfate (as gypsum), and calcium fluoride (as fluorite) in different feed compositions (by PHREEQC
software) at 25 °C. Saturation index SI, = log (IAP,/KPy;, ), where IAP; and KPy, , are the ion activity and solubility products of mineral scalant y, respectively.

Origin Composition Langelier Saturation Index, LSI (CaCO3) Saturation Index
SI (CaS04-2H,0) SI (CaF2)
Feed Brine Feed Brine Feed Brine
Siwa Oasis, Egypt El 0.35 1.66 -1.23 —0.31 —1.54 0.21
E2 0.46 1.79 —-1.01 -0.1 —1.45 0.32
E3 0.69 1.88 -1.09 -0.21 -1.48 0.33
E4 0.63 1.81 —0.74 0.11 -1.35 0.45
Gujarat, India 11 1.15 2.42 —-1.35 —-0.39 —0.83 0.87
12 1.25 2.47 -1.28 -0.34 —-0.82 0.94
13 1.35 2.55 -1.09 -0.19 -0.75 0.99
14 1.41 2.6 —1.08 -0.19 —0.64 1.07
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° used for the calculation of the results. This corresponded to a total
S8 3%9 LI o o duration of 330 to 580 s for each cycle (including a purge-and-refill
E|d 1888, R 122361 1 e3 phase of about 75 s), with shorter durations corresponding to higher
water fluxes. Therefore, the total duration of each run was 26 to 44 min.
o ~ Each of the eight compositions was tested at six water fluxes (11-23 L/
S8 dgs o Rw m?/h) and each test was repeated in duplicate (giving a total of 8 x 6 x
IS8 F%8 R IEER RS 2 = 96 tests). After each test, the system was completely flushed by
circulating the feed solution for 30 min to ensure that the solution inside
0 the system and feed tank reached a uniform concentration in prepara-
ﬁ, E g § § 5 I« 8 tion for the next test (the work exchanger was also drained to remove
ElaesS s S retained salts from the previous test). Overall, including preliminary
tests to debug the system, about 100 h of testing were conducted over a
<32, o period of one month. Before and after the entire series of tests, a stan-
- g §§ §§ o @ § ° = dard performance test was carried out with sodium chloride feed to
compare performance and detect any membrane deterioration due to
scaling or fouling.
slgges 22, —_
Pledg®,,  o,892,, 3 4. Results and discussion
This section first presents the main results in comparison to the re-
< gg © o oe sults with the NaCl solution. It then compares the performance in
N glL®gL S T3, , . ¢ standard tests, using NaCl, before and after the whole series of tests with
simulated groundwater. To interpret further the findings, the nucleation
induction time is compared to the experimental residence times, thus
N ; v <2 helping to assess the extent to which induction time is a useful predictor
Elog /25, 2493 .3 of scaling in batch RO. All detailed results from the experiments and the
raw experimental data are provided in the supporting information and
4 ° appended data files.
g SR 29 - a
§ ISR %30 1 1 8R8B6 18 4.1. Performance comparison: groundwater vs NaCl feed water
5
% T Lo 4.1.1. Specific energy consumption
g S § RS § @ Specific energy consumption (SEC) was measured as the total hy-
5 Blm@ommoao o0 draulic work done by the supply and recirculation pumps per m®> of
g permeate (i.e., hydraulic SEC). The work was calculated as the integral
=3 - of pressure with volume at the outlet of each pump. For comparison with
B 5 ;: E§ §§ E % 52 the NaCl solution, we used solutions of equivalent osmotic pressure.
g Since all the samples had low concentrations (<5000 mg/L), the osmotic
E pressures of the simulated groundwater compositions were calculated
g a 5 s g R % usin the van’t Hoff expression, with .the help of published osmotic co-
,;'J pleg S84 & efficients [42], and were found to be in the range of 1.1 to 3.2 bar [3].
= Because the resulting osmotic pressures did not correspond exactly to
% the concentrations at which the NaCl tests were carried out previously,
) SIS § ” o ~ we used our validated model of the batch RO system to work out the SEC
o @l g 5 , @ E § § 2%, § Do values with NaCl. (This model gave hydraulic SEC to 3 % accuracy and
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“E % experimental measurements. Hydraulic pressure caused by hydrody-
f ‘% B namic friction in a RO membrane is approximately proportional to the
clel 138288 Loy flux (P Jy/Aw). Thus, SEC increased with water flux because of greater
-% ClEl oo a taa b applied pressure by the supply pump — as has previously been reported
§ in both standard and batch RO systems [1,43]. For both Egypt and India
2| compositions, the total hydraulic SEC varied from around 0.19 to 0.46
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e & ~11.4 L/m?%/h) and the lowest feed concentrations (E1 and I1).
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Fig. 2. Photo of the batch RO pilot system at the University of Birmingham.

Table 6
Hydraulic SEC with groundwater compared to that with NaCl at equivalent osmotic pressure, at flux J,, ~15.6 L/m?/h.
Composition Osmotic pressure (bar) Equivalent NaCl concentration (mg/L) Hydraulic SEC (kWh/m?)
Groundwater NacCl Error (%)
Egypt El 1.12 1420 0.228 0.241 5.4
E2 1.62 2050 0.286 0.281 1.8
E3 2.55 3228 0.338 0.352 4
E4 3.15 3987 0.376 0.398 5.5
India 11 1.17 1476 0.253 0.253 0.0
12 211 2673 0.296 0.318 6.9
13 2.46 3342 0.351 0.355 1.1
14 2.89 3662 0.357 0.383 6.8

Depending on the target specifications, we could choose to achieve
higher water output at the cost of higher SEC, or lower SEC at the cost of
less output. For instance, on increasing the water flux from 11.4 to 22.1
L/m?/h when using sample E4 as the feed solution, the hydraulic SEC
increased by 37 % while system output rose by 73 % from 9.6 to 16.7
m>/day (see Fig. 4). Since the SEC values are low in all cases, this sug-
gests that a higher water output may be preferred in practice.

4.1.2. Peak pressure

In batch RO, the peak pressure is an important parameter regarding
the system design and pressure ratings of the equipment needed; it also
limits the final brine concentration achievable. The peak pressures in
this study were in the range of 8 to 22 bar, which was within the 25-bar
pressure limit of the equipment used. Peak pressure increased with the
feed concentration, as shown in Fig. 5. Comparing the peak pressure
observed in this study (for both groundwater tests and the performance
tests of Section 4.2) against NaCl solutions in [3] at a water flux of
approximately 15.6 L/m?%/h revealed similar values, with only minor
differences. These differences may be attributed to the membrane’s
permeability loss, which occurred over a year of membrane use,
resulting in a lower water permeation rate of about 4.1 L/m?/h/bar in
this study compared to 4.4 L/m?/h/bar reported in [3].

4.1.3. Rejection

We also compared the salt rejection results against those in our
previous study using NaCl feed (see Fig. 6). In all cases, salt rejection
varied between 0.94 and 0.97 with low concentration samples having
better salt rejection. This may be due to the lower concentration dif-
ference across the membrane [43]. However, it is interesting to note
that, the salt rejection was slightly higher with NaCl solution. This may
have been due to a drift in membrane properties among the different

tests. The higher rejection with NaCl corresponds to a higher differential
osmotic pressure which is consistent with the observation of slightly
higher SEC in Section 4.1.1 above.

4.2. Performance test before and after experiments

Before and after the 100-h series of experiments, we performed a test
using a feed solution containing 3000 mg/L of NaCl to determine
whether membrane performance had deteriorated. If fouling or scaling
occurs at the membrane surface, it will likely cause additional hydraulic
resistance and applied pressure will rise, for a fixed water flux and re-
covery. Fig. 7A shows how pressure changed over the pressurisation
phase for the NaCl performance test at r = 0.8 and J,, ~22.1 L/m?%/h,
comparing the situation before and after the series of experiments. The
applied pressure in both tests followed the same pattern with a minor
discrepancy (the average pressure values for the performance test before
and after trials were 12.44 and 12.36 bar respectively). Fig. 7B also
compares the average applied pressure before and after the experiments,
as measured by the NaCl performance test at different water fluxes.
Surprisingly, a slight decrease (as much as 0.2 bar) in applied pressure
was consistently observed. To investigate the possible cause of this
decrease, the permeate quality was studied in more detail.

Fig. 8A and B show the conductivity of the RO module inlet and
permeate over the pressurisation phase during the NaCl performance
tests (at J,y ~22.1 L/m2/h). Inlet RO conductivity was almost unchanged
before and after, with average values of 11.05 and 11.14 mS/cm
respectively, i.e., <1 % difference. However, the permeate conductivity
after the series of experiments test was slightly increased at 0.29 mS/cm
average compared to 0.24 mS/cm before (see Fig. 8B). Similarly, Fig. 8C
compares salt rejection at different fluxes showing that rejection dete-
riorated. This decrease in rejection is consistent with the decrease in
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Fig. 3. Total hydraulic SEC for A) Egypt and B) India water samples (GW and NaCl represent experimental results for groundwater compositions and modeling values

using equivalent NaCl feed respectively) at various water fluxes and r = 0.8.

applied pressure, as it corresponds to a slightly decreased osmotic
pressure difference across the membrane. This may have been due to
some membrane oxidation (despite the use of sodium metabisulphite to
neutralise free chlorine) which can cause higher salt passage and loss of
rejection. For example, the salt rejection reduced from 0.96 to 0.952 at
Jw ~22.1 L/m?/h after a month of trials.

4.3. Anti-scaling mechanisms

Fig. 9 is a sample of results recorded over two cycles of batch RO
operation, showing the flow and conductivity at the inlet to the RO
module, and the permeate flow. It illustrates how the four anti-scaling
mechanisms occur during each cycle. Each of these mechanisms will
next be discussed individually.

4.3.1. Flushing

Flushing in batch RO differs from flushing in standard continuous RO
plants as feed water, rather than permeate or clean-in-place chemicals,
are used to carry out the flushing. Additionally, since flushing is a
necessary step in batch RO to remove the highly concentrated solution

from the RO module at the end of the pressurisation phase, it is
considerably more frequent than in standard continuous systems, which
typically only flush before the startup or during a shutdown.

The flushing volume in each cycle in our experiments was about 16.5
+ 0.3 L, corresponding to the volume of concentrated solution trapped
in the RO module (V,, = An*H/2 = 14.6 L, where A, and H are mem-
brane area and membrane channel height) plus piping and port dead
volumes (about 2 L in total). Relative to the total feed supplied to the
system at each cycle, which is 85.5 + 0.3 L, flushing comprises about 20
% of the total feed supplied in each cycle.

Many studies have confirmed that membrane fouling can be allevi-
ated by flushing [44-48]. However, the membrane flushing process
detaches the particles from the membrane surface only, not from the
pores. Chen et al. [48] showed 92-100 % water permeability recovery of
seawater and brackish water RO membranes fouled with gypsum and
calcite when they were flushed with deionized (DI) water. In another
study, Chen et al. [46] examined anti-fouling techniques on membranes
fouled in pressure retarded osmosis (PRO) process using retentate from a
municipal water recycling plant. Without pH correction or antiscalant
addition, they observed 85 and 95 % flux recovery using DI water
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flushing and air bubbling, respectively, under a high cross-flow velocity
of 0.23 m/s for 30 min. Flux recovery improved with pH adjustment,
reaching 94.6 and 100 % by DI water flushing and air bubbling,
respectively. When using antiscalant, flux recovery was almost 100 %
with both DI water flushing and air bubbling. De Vries et al. [45] re-
ported the flushing effectiveness on membrane fouling removal using a
stop period mechanism. Membranes were flushed at flow velocities of
0.1 and 0.2 m/s at a stop period of 4 min, 24 h, or 4 weeks. They found
that longer stop periods improved the fouling removal rate at low feed
flow velocities (0.1 m/s), but this effect became less significant at higher
flow velocities. It is important to remember, however, that stop periods
have the drawback of requiring more membrane surface area to main-
tain output in compensation for downtime.

In comparison to the studies mentioned, our batch RO system had a
much higher frequency of flushing, occurring for 75 s after every 4-8
min of operation at high feed flow velocities (0.8-1.6 m/s). However, in
our system, flushing was conducted with feed solution instead of DI
water. It is important to note that in the aforementioned studies,
flushing was the sole cleaning mechanism, whereas in batch RO a
combination of different cleaning mechanisms occurred in the same
process. This made it challenging to assess the individual contribution of
each mechanism.

4.3.2. Osmotic backwash

The amount of osmotic backwash in the batch RO pilot was deter-
mined by subtracting the permeate output from the amount of feedwater
supplied to the system during the pressurisation phase (see Table 7).
Since osmotic backwash is driven by the brine osmotic pressure, which
increases with the feed osmotic pressure, we have correlated in Fig. 10
the osmotic backwash volume against feed osmotic pressure, comparing
also against experimental values with NaCl solution [3].

Thus, 3.1-4.6 L of osmotic backwash volume in each cycle in our
batch RO pilot could be another cause of scaling inhibition. The amount
of osmotic backwash was lower than that occurring with pure NaCl
solution as feed [3]. This might be because the salt rejection of NaCl
solutions was slightly higher than the groundwater compositions; thus,
the concentration difference inside the RO module in the case of NaCl
solutions was slightly higher and caused more osmotic backwash
volume.

Cai et al. [49] reported that, with a membrane fouled by organics,
periodic osmotic backwash caused by solar irradiance fluctuation
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Fig. 7. Performance in NaCl test before and after the simulated groundwater experiments in the batch RO system, A) pressure changes over time in the pressurisation
phase and B) Average pressure in the pressurisation phase vs. water flux for a cycle. All the tests were conducted at r = 0.8.

restored 46-98 % of the permeate flux, demonstrating the effectiveness
of osmotic backwash in reducing membrane fouling. Nevertheless, they
observed 2-2.5 x 1072 L of backwash volume with a membrane active
area of 4.7 x 10~ m? compared to the current 3.1-4.6 L backwash
volume with the membrane active area of 41 m? at almost the same feed
osmotic pressure. Expressed per membrane area, Cai et al., therefore
used about 0.5 L/m? of backwash which compares to only 0.1 L/m? in
this study, suggesting the contribution in countering fouling may be less
in this study. Nonetheless, an increased backwash would decrease sys-
tem output which is undesirable.

4.3.3. Feed flow reversal

In the batch RO system of this study, the flow direction was reversed
during the purge phase with feed water replacing the supersaturated
solution inside the RO module. The duration of reversed flow was about
one fifth that of forward flow in the pressurisation phase. The reversal
feed flow velocity ranged from 0.8 to 1.6 m/s and the flow was reversed
for a duration of 1.2 min every 4-8 min. It is interesting to compare these
parameters against previous studies using non-batch RO systems.

In one such study, Gilron et al. [28] tested a calcium sulfate feed
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solution with SI of 0.54-0.73 and also a calcium carbonate solution with
LSI of 1.0 at recoveries ranging from 0.67 to 0.82. In the case of calcium
sulfate, when applying flow reversal every half hour at recoveries
around 0.8, they observed no scaling over the total 18 h of the experi-
ment. In the case of calcium carbonate, when operating at recovery of
0.7 (concentrate LSI of 1.5), they observed little sign of scaling when the
flow was reversed every hour.

In another previous study, Gu et al. [29] evaluated the technical
feasibility and performance of reversal feed flow in a RO pilot system
also using calcium sulfate in the feed. Scale detection in an external
membrane monitor (MeMo) triggered the reversal of feed flow in their
pilot. Scale-free operation was observed while the RO pilot was operated
in cyclic reversal flow mode at a recovery of 0.69-0.81 with SI reaching
0.54 at the tail element membrane surface. When the pilot was operated
without flow reversal at r = 0.69, the membrane surface in the MeMo
became fully covered by scale in 1.5 h, with 50 % coverage occurring in
just 45 min. At the same recovery, and with reversal feed flow triggered
when coverage reached 50 %, the 45 min was extended some eight times
to 6 h, thus confirming a substantial retardation of scaling.

In summary, the above two studies [28,29] reported significant
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Fig. 8. Results of NaCl performance tests before and after the simulated
groundwater experiments, A) RO inlet conductivity variation vs. time over the
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pressurisation phase and C) Salt rejection as a function of water flux. All the
tests were conducted at r = 0.8.

improvements using feed flow reversal that was substantially less
frequent than in the current study, i.e., reversing the flow direction only
every 30-360 min as opposed to just 4-8 min in the current batch RO
experiments. Therefore, it is likely that feed flow reversal has a useful
effect in batch RO also.

4.3.4. Salinity cycling

Fig. 11 shows the variation of LSI and the corresponding nucleation
induction time of calcium carbonate (as calcite) calculated using Eq. (1)
over the process time during pressurisation, for compositions I3 and I4 at
Jw ~15.6 L/m?/h and r = 0.8. As time passes, the concentration of the
solution inside the system increases and consequently the LSI also

11

Desalination 566 (2023) 116875

increases, causing the nucleation induction time to decrease. For
example, for composition 14, at r = 0.5 the LSI has risen from the initial
value of 1.35 to 1.87 causing the calculated induction nucleation time to
drop from 1803 to 59 s. Meanwhile, the process needs to continue for
another 135 s to reach the recovery of r = 0.8. Thus, severe calcite
scaling could be expected to occur before the end of the pressurisation
phase. Similar analysis of other tests, corresponding to the other 6 feed
compositions, also suggested the risk of scaling due to short nucleation
induction time compared to the remaining process time. Nevertheless,
such scaling was not evident in our experiments.

Scaling of calcite and gypsum on RO membrane occurs through two
routes: bulk deposition or homogenous nucleation, and surface crystal-
lization or heterogeneous nucleation. In general, the time required in
heterogenous crystalization (on the membrane surfaces and in the
presence of the seeds) is significantly shorter compared to the crystal-
lization induction time in solutions which is the basis for Egs. (1) and (2)
[50]. Thus, scaling might be expected to occur even earlier than indi-
cated in Fig. 11.

Purging at each salinity cycle of the batch RO could be more effective
at the initial stage of the formation of crystals since they are smaller and
may be removed with a shorter purging interval. Surface crystals can
become larger with each cycle if they are not entirely removed, which
could make purging less effective than anticipated. Therefore, it would
be desirable to completely remove any crystals and nuclei that may have
developed on the membrane surface during the water production phase.

Over the purging period, the brine salinity and saturation indices
both drop to below saturation. After each filtration phase, which took
about 250-500 s in the batch RO pilot in this study, flow was reversed
during the purging phase for about 75 s. As a result, the saturation index
could be consistently reset at the end of the purge phase to the values
slightly higher than the initial values of the feed solution (due to the salt
retention).

4.4. Future work

Regarding further work, although the current study showed that
batch RO can maintain performance even without the use of anti-scalant
chemicals, it will be worth investigating performance when an anti-
scalant is used. Batch RO may decrease the anti-scalant dosage needed
with highly supersaturated feed solutions and high recoveries, reducing
the operational cost and environmental impact of dosing anti-scalants. It
would also be interesting to carry tests with salts such as calcium
phosphate against which anti-scalants have been shown to be ineffective
in conventional RO [51].

Another critical consideration is whether this concept can be suc-
cessfully applied to scaled-up systems using more than one RO element.
A system can be scaled up either by adding elements in series, in parallel,
or a combination of series and parallel. Parallel configurations are ex-
pected to behave the same as the 1-element system as the flow condi-
tions in each element will be unchanged. However, it would be costly to
scale up using a parallel-only configuration because of the large number
of vessels, end caps, and piping connections [52]. Use of elements in
series is therefore desirable. Considering the presence of the four
mechanisms of scaling mitigation in batch RO, we are of the opinion
systems using 2-4 elements [32] would indeed continue to exhibit
resistance to fouling. However, to confirm whether the behaviour of a
multi-module batch RO system aligns with that of a single module,
further studies are necessary.

Based on the findings presented in our previous studies [1,3], it was
determined that, for low concentrations (<5000 mg/L) and low applied
pressures (<25 bar), the optimal recirculation to feed flow ratio is
approximately 2 to minimize the overall SEC. This corresponds to a re-
covery per pass of approximately 0.33 which is somewhat higher than
the typical range of 0.12-0.2 used in industrial standard RO systems
[53]. In future research, it would be intriguing to expand the study to
encompass higher recirculation flows along with more challenging
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Table 7
Permeate and osmotic backwash volume in every batch cycle (69 L) for all the
compositions tested.

Composition  TDS (mg/ Permeate volume Osmotic backwash volume

L) @ @)
El 1319 65.4 3.6
E2 1871 65.3 3.7
E3 2788 64.6 4.4
E4 3637 64.4 4.6
11 1180 65.9 3.1
12 1994 65.0 4.0
I3 2576 64.7 4.3
14 2811 64.6 4.4
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Fig. 10. Osmotic backwash volume vs. osmotic feed pressure, for groundwater
compositions and pure NaCl feed solution at recovery r = 0.8.
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fouling feed compositions. By employing larger ratios, the concentration
polarization can be reduced, which may offer advantages in terms of
fouling prevention. SEC would increase slightly but, based on previous
studies, the penalty in increasing the flow ratio from 2 to say 3 would
only be about 4 % [3].

This study has focused on desalination of groundwater containing
high levels of sparingly soluble salts that may cause scaling. However, in
RO processes, there are various other types of fouling that can be
encountered, including particulate fouling, organic fouling, and
biofouling, all of which are important for future research. For instance,
natural water often contains a certain level of silica, causing colloidal
fouling which is often challenging to control [54]. Additionally, apart
from scaling (which usually starts in the tail element) other forms of
fouling commonly occur in the lead element [55]. Among the fouling
removal methods mentioned in Section 4.3, osmotic backwash is
thought to have the highest potential for minimizing or preventing these
types of fouling. Nevertheless, conducting future studies that consider
each type of fouling would greatly contribute to a better understanding
of the potential of batch RO in fouling minimization. Moreover, studies
have shown interactions among the various foulants [56] such that
studies of combined (and not just individual) foulants will also be
important.

Overall, conducting long-term pilot testing using ample sources of
real feed water that have a high likelihood of experiencing various forms
of fouling in the field is imperative to comprehensively evaluate the
system. This approach will allow for a thorough assessment of the
impact of the aforementioned fouling mitigation mechanisms in batch
RO and a comparison against standard continuous RO systems. Such
testing will provide valuable insights into the system’s performance and
effectiveness in real-world scenarios and help evaluate its practical
viability and reliability.
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5. Conclusion

An experimental investigation has been undertaken in a free-piston
batch RO pilot to compare the performance in treating brackish
groundwater at high recovery (r = 0.8) against the performance of the
same system treating pure NaCl solution. Eight feedwater compositions
were replicated in the lab, using field data taken from two locations (one
in Egypt and one in India) where raw groundwater quality is not
acceptable. The SEC of the system was within 7 % of that obtained with
NacCl solutions having equivalent osmotic pressure. This confirmed that
studies conducted with pure NaCl solutions are a reasonable represen-
tation of the more complex salt mixtures in the groundwater.

The saturation level of sparingly soluble salts suggested a significant
risk of calcite (CaCOs3) and fluorite (CaFy) scaling at the RO outlet.
Nonetheless, over the duration of these tests (totalling >100 h), the
batch RO system resisted scaling. This was confirmed by two perfor-
mance tests with a 3000 mg/L NaCl feed solution, conducted before and
after the entire test series. No increase in transmembrane pressure was
observed. Absence of scaling is attributed to mechanisms of periodic
flushing, flow reversal, osmotic backwash, and salinity cycling. Flushing
occurred during 15-20 % of the operation time, after the end of each
pressurisation phase, in the reverse direction to the feed flow during
pressurisation. Osmotic backwash of 3.1-4.6 L occurred (a similar
amount to that observed with pure NaCl feed). A careful study of the
saturation and expected nucleation induction for crystallization of
calcite and gypsum during each batch RO cycle showed that, in all the
tests conducted, there was theoretically sufficient time for crystalliza-
tion to begin. Nevertheless, no deterioration in performance was
observed suggesting that no crystallization and scaling occurred. Com-
parisons against the literature suggest that the other three mechanisms
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(i.e., flushing, osmotic backwash, and flow reversal) were also likely
contributors to scaling inhibition.
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Reported analyses of samples on which feed compositions are based. Ion concentrations below 1 mg/L are neglected.

Composition ~ Sample® pH  TDS EC (uS/  Ca** Mg+ Na‘t K* NH} HCO3 al- S03~ NO3;
(mg/L) cm) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Egypt El1 SN52 75 1367 2229 80 38.4 316.5 9.4 0.3 136.6 462 276.5 0.8

E2 SN11 7.3 1853 2793 128 62.4 423.2 20.3 0.4 131.8 700 401.3 1.5

E3 SN29 7.3 2961 4540 152 115.2 671.6 25.9 0.6 170.8 1288 358.3 2.1

E4 SN33 7.2 3492 5149 224 81.6 955.0 28.4 0.7 119.6 1554 666.6 1.9
India 11 LG14 6.3 1138 1897 196 2.4 138 4 - 310 400 80 94

12 LG13 6.3 2090 3490 304 69.6 200 5 - 305 975 98 106

13 LG12 6.3 2600 4330 412 52.8 408 11 - 305 1225 133 26

14 LG2 6.5 3080 5130 492 28.8 426 31 - 305 1400 113 52

# Sample numbering as used in source references [37, 38].
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