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ABSTRACT OF THE DISSERTATION

Enhancement of Operational Flexibility
in Reverse Osmosis Membrane Processes

by Concentrate Recycling

by

Tae Lee
Doctor of Philosophy in Chemical Engineering
University of California, Los Angeles, 2019

Professor Yoram Cohen, Chair

Improvements in system and process design has enabled reverse osmosis (RO) membrane
technology to gain foothold in various water treatment and desalination applications. However,
energy consumption and mineral scaling on membrane surfaces remain impediments to high
recovery operation of RO desalination. Accordingly, research efforts have been devoted to process
optimization to improve permeate water productivity, reduce energy cost, and mitigate membrane
mineral scaling. In this regard, RO concentrate recycling is an effective approach for enhancing
product water recovery, reducing system footprint, and lowering installation as well as operating
costs of RO desalination systems and plants. Energy consumption and membrane mineral scaling

propensity in RO processes are impacted primarily by the osmotic pressure magnitude and the
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level of supersaturation of mineral scalants at the membrane surface, respectively, which are, in
turn, governed by the operational strategy. Optimization of RO processes with concentrate recycle
require fundamental models of RO processes with concentrate recycle under both steady and
unsteady-state operation,

To date, only simple models have been proposed which are of limited applicability to practical
systems given the use of various simplifying assumptions of complete energy recovery, neglect of
the efficacy of concentrate flushing in unsteady-state semi-batch RO (SBRO), and omission of
concentration polarization. Previous studies have not provided experimental data to corroborate
conclusions regarding system performance based on oversimplifications. Moreover, SBRO
operation was not assessed relative to steady state RO (SSRO) with partial recycle (SSRO-PR)
which is also suitable for high recovery operation with a small footprint. Accordingly, in the
present work a fundamental quantitative modeling framework was developed and implemented
for the design and operation of SSRO-PR and SBRO. Modeling RO desalting, including at the
limit of the thermodynamic restriction, was undertaken to evaluate the minimum energy
consumption as a function of product water recovery. SBRO process analysis revealed a significant
increase in the salinity range during the RO filtration period and a progressive rise in the initial
filtration period salinity until the stable cycle-to-cycle operation is reached. SBRO performance is
highly dependent on the efficacy of concentrate discharge and flushing during the SBRO flushing
period. For the condition of concentrate flushing under ideal plug flow, energy consumption in
SBRO was assessed to be lower than for single-pass RO (SPRO) operation at the same level of

overall product water recovery. However, for the practical range of expected concentrate flushing
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efficacy energy consumption in SBRO could be significantly above that which would be attained
in SPRO.

Using the direct real-time membrane surface optical imaging mineral scaling was experimentally
evaluated in both SBRO and SSRO-PR pilot systems, with respect to the efficacy of concentrate
flushing with the undersaturated raw feed water, at given levels of supersaturation or product water
recovery. The predicted RO element feed stream osmotic pressure and solution supersaturation
levels (for the target mineral scalant) at the membrane surface, for a given product water recovery,
were higher on average in SBRO relative to SSRO-PR as corroborated by experimental data. The
experimental data revealed mineral scaling propensity, which was significantly higher in multi-
cycle SBRO operation, relative to SSRO-PR at the same water recovery. However, the rates of
crystal nucleation and growth were similar at when both systems are compared at the same level of
average supersaturation, although the product water recovery was lower in SBRO compared to SSRO-
PR.

The present theoretical modeling framework, validated by experimental data, provide a
fundamental approach to assessing the performance of SBRO and SSRO-PR desalting systems
with respect to energy consumption and mineral scaling propensity. The presented approach
provides the means necessary for optimizing these low footprint technologies for high recovery

RO desalination.
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Chapter 1 Introduction

1.1 Background

Population rise, increased agricultural and livestock production, environmental pollution,
and impending impact of global climate change have created imminent threats to water
sustainability [1-5]. Presently, nearly 25% of the world population (~1.9 billion people) lives in
regions of water scarcity, and it is estimated that 2/3 will be living under water-stressed
conditions by 2030 [6]. In this regard, continued advancements in water treatment technologies
remain critical to address rising disparities in water availability and demand [7, 8]. In order to
diversify the portfolio of safe water resources, desalination methods have been established to
separate the dissolved salts from the feed stream producing permeate water of low salt contents.

Early desalination methods, which used thermal processing, include multi-stage flash (MSF),
multiple effect distillation (MED), and vapor compression (VC) (Fig. 1-1). Thermal processing

uses thermal and electrical energy for vaporization and condensation to attain high quality
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Membrane Thermal
Processes Processes Other

product water.
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Fig. 1-1. Desalination technologies



On the other hand, membrane processes (e.g., forward osmosis, membrane distillation,
reverse osmosis, etc.) utilize semi-permeable membrane, which allow selective permeation of
water molecules while rejecting most dissolved salts achieving separation of permeate water
from concentrate (brine) water. RO is a process where external pressure is exerted on the feed-side
of RO membrane, which has higher selectivity for water relative to dissolved salts. As a result,
clean permeate water is separated (desalinated) by the RO membrane as product from the
concentrate (brine) stream (Fig. 1-2).

Outlet
High-Pressure (Concentrate)

Reverse
osmosis

Pol i
e [

Permeate
water
(Product)

Fig. 1-2. Reverse osmosis membrane desalination.

With development of highly permeate membranes in the mid 1990’s [9] coupled with
advances in hydraulic energy recovery devices (ERD) [10], RO has gained popularity for its
operational simplicity and reliability given its diverse and well-established supply chain of off-
the-shelf components and consumables (e.g., membrane elements, prefilters, compatible water
treatment additives and membrane cleaning chemicals, etc.) [11-13]. The RO process is easily
scalable whereby both small- and large-scale RO plants can use similar types of membrane
elements and pressure vessels (Fig. 1-3). RO accounts for about 65% of the present worldwide
desalination capacity [12, 14, 15], followed by multi-stage flash evaporation (21%) with 14%
of the remaining capacity being due to MED, VC, and electrodialysis (ED). (Fig. 1-1). Other

desalination methods that have been explored include forward osmosis and membrane distillation.



Forward osmosis (FO) is an osmotic process utilizing thermolytic draw solution to extract permeate
water from the saline feed solution. Membrane distillation (MD), on the other hand, is a thermally
driven membrane separation, which takes advantage of high selectivity of water vapor across the
membrane pores. Applications of FO and MD processes are limited, relative to pressure-driven reverse

osmosis (RO), as they require locally available low-grade heat sources [16, 17].

Fig. 1-3. (Left) Photograph of the desalination plant at Orange County, California (Capacity of
378,000 m?*/day) [18], and (Right) a small mobile RO desalination plant (capacity of 45.4
m?3/day) [19, 20] . The same size membrane elements (8”) are used in both plants demonstrating
the scalability of RO desalination.

Desalination is generally categorized based on the source water salinity. Brackish water
is considered to be of salinity above 1,000 mg/L total dissolved solids (TDS), but below
that of seawater being in the range of ~33,000 mg/L — 42,000 mg/L TDS. Owing to
constructions of mega-sized RO desalination plants, the current worldwide total desalination
capacity reached 95.4 million m?/day of which seawater desalination constitutes 59%,
followed by inland brackish water (22%), and river water desalination (19%) [21-23]. For
example, in little over a decade, Israel achieved upto drinking water for 60% of their population
from mega-sized RO desalination plants: Ashkelon with water production capacity of 396,000
m®/day; Hadera with 525,000 m®/ day; and Sorek (the world's largest operating plant) with
624,000 m*/day [24, 25]. In the United States, the largest seawater desalination plant in the

western hemisphere was constructed in Carlsbad, California (2016), to convert upto 204,000
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m?/day of Pacific seawater into drinking water. Presently, about 18,000 desalination plants are
operated yearly producing 35 billion m? desalinated water in 150 countries around the globe.
The production capacity is expected to increase by 54 billion m? per year by 2030 [23, 26].
RO systems are designed with a single or multiple stages (Fig. 1-4a and Fig. 1-4b,
respectively), which can have multiple pressure vessels with membrane elements. The number
of stages and membrane elements are adjusted depending on the quality of the source water
and the target overall water recovery, defined as the volume of product water per unit volume
of feed water. For multi-stage RO systems, the concentrate (or reject) of each stage becomes

the feed stream for the following stage to increase overall water recovery.
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Fig. 1-4. Examples of different RO system configurations.

Multi-stage configuration is advantageous in maintaining the permeate flux across the
entire feed channel by implementing the inter-stage booster pump (BP), which also reduces
energy cost by eliminating the necessity for high capacity feed pump for the first stage [27].
Given the complexity of membrane network, coupled with incorporation of various types of
hydraulic components (e.g., high pressure pump, booster pump, energy recovery device, etc.),

multi-stage configuration is generally considered adequate for large scale desalination plants



operated under constant treatment targets (e.g., permeate productivity, water recovery) and feed
water composition (e.g., seawater).

For RO systems that cannot be properly staged (e.g., due to limited system footprint), a
concentrate recycle can be utilized where a portion of the concentrate stream is recycled and
mixed with the raw feed water, then fed back to the membrane elements to help increase the
system recovery (Fig. 1-4a). RO operation with concentrate recycling is an effective method
to reduce installation cost given that the number of system components (membranes, BP, etc.)
can be reduced [28-35]. Concentrate recycling for high recovery operation also alleviates
environmental concern from disposal of the highly concentrated brine water (particularly in in-
land brackish water desalination [36]). However, the necessity of operating at increased flux to
maintain production capacity demands higher applied pressure as well as membranes of low
fouling and mineral scaling (e.g., deposition of colloidal particles, organic and inorganic
constituents onto the membrane surface) [37-40]. Accordingly, the range of attainable overall
water recovery with concentrate recycling is generally limited (a) to avoid (or reduce) the onset
of membrane fouling or scaling, and (b) to maintain the applied pressure within allowed
operating range. Accordingly, optimal operational strategies are needed to optimize energy
consumption and membrane fouling/scaling resistance while maximizing product water
recovery.

Depending on the operational characteristics of the RO processes, concentrate recycling for
constant permeate productivity (i.e., without frequent operator intervention causing system
downtime) can be generally categorized into steady state RO with partial concentrate recycling
(SSRO-PR) and semi-batch (SBRO) (Fig. 1-4a and Fig. 1-4c, respectively). In SSRO-PR, a

portion of brine effluent is diverted into the raw-feed stream, while the remainder is discharged.



SSRO-PR enables a control over cross flow velocity in the concentrate channel to for minimal
concentration polarization effect [37, 44] maintaining optimal operating range for hydraulic
components (e.g., high-pressure pump, circulation pump, etc.) and low saturation level at the
membrane wall. Concentrate recycling provides an additional degree of freedom with respect
to product water recovery [32, 41]. However, increased target water recovery in SSRO-PR
requires higher energy input, and thus there will always be a tradeoff between the desired water
productivity and energy utilization. In this regard, it is expected that integration of suitable
energy recovery devices for RO operations with concentrate recycling should provide
additional flexibility enabling desalting operation over a wide range of salinity. Thus, to
investigate the potential of SSRO-PR operation with energy recovery, it is necessary to develop
accurate analysis framework to map out its energy footprint and technical feasibility.
Semi-batch RO (SBRO, Fig. 1-4¢) is inherently unsteady state that is characterized by
cyclic operation of RO filtration and concentrate flushing. During the RO filtration period, the
concentrate stream is continuously mixed with the raw-feed water, supplied at a rate equivalent
to the permeate production to achieve 100% water recovery. As a result, salts accumulate in the
concentrate (i.e., feed) channel requiring periodic raw feed water flushing to refresh the
concentrate channel. During the RO filtration period, the applied pressure is gradually
increased to maintain constant permeate flux, and compensate for the rise in osmotic pressure
upon total concentrate recycling in the RO filtration period. Accordingly, the energy cost in
SBRO with sufficiently small single pass water recovery theoretically approaches to that of
multi-stage RO with infinite stages [42]. Theoretical prediction of energy consumption for
SBRO operation has been established by many researchers for idealistic plug flow assuming

complete concentrate flushing using the volume of raw feed water equivalent to the volume of



the membrane vessel [27, 42, 43]. However, these conditions are not often encountered in
practical application [44, 45] given complex hydrodynamics conditions within the concentrate
channel due to the presence of channel spacers [46, 47]. Thus, it is essential to develop accurate
characterization of cleaning efficacy during the flushing period to properly analyze the energy
footprint of SBRO relative to conventional single pass RO without concentrate recycle (SSRO-
SP) or SSRO-PR.

Recent studies [48, 49] have suggested that mineral scaling in RO desalting can be averted
to some degree in SBRO operation where the system is periodically flushed with the
undersaturated raw feed water. During the concentrate flushing period, the holdup brine (i.e.,
“concentrate”) in the RO system is flushed (discharged) out of the system with the RO raw
feed water, while permeate production may be continued [50] (depending on the set feed
pressure) at a recovery that is governed by the system configuration in a continuous single pass
RO. It has been argued that, SBRO flushing should return the RO membrane to its clean
condition, thus reducing the propensity for mineral salt nucleation and growth [48] or resetting
of the mineral salt “crystallization induction clock™” [51, 52].

In SBRO, the concentration of total dissolved solids increases over the course of each
filtration cycle. Accordingly, depending on the feed water saturation and system operating
conditions (i.e., permeate flux and crossflow velocity), the concentration of sparingly soluble
mineral salts can exceed saturation. However, periodic flushing aims to discharge the
accumulated concentrate volume in the RO system and restore the system to its initial filtration
condition (i.e., the first cycle). Therefore, it is reasonable to ponder as to the impact of such
cyclic filtration and flushing operation on mineral scaling propensity. Here we note that steady

state RO with partial recycle (SSRO-PR) also typically aims to achieve high recovery with a



smaller system footprint relative to conventional SSRO-SP operation. In both SBRO and
SSRO-PR the RO concentrate is recycled and thus it is of interest to compare the propensity

for mineral scaling in the above two approaches.

1.2 Problem statement

To alleviate environmental concern and reduce costs for concentrate (brine) disposal in RO
processes, it is desired to increase permeate water recovery. Concentration recycling is an
effective method to increase the overall RO water recovery at a reduced system footprint,
thereby enhancing operational flexibility. In RO desalting with concentrate recycling, a portion
of the concentrate (reject) stream from the membrane element train is recirculated to attain the
desired level of water recovery. While continuous concentrate discharge is allowed in steady
state. RO operation with concentrate recycling (SSRO-PR), total concentrate recycle is
employed in semi-batch RO operation (SBRO); the latter requiring periodic concentrate
flushing. Elevated water recovery via concentrate recycling method leads to higher operating
range of the RO concentrate salinity, which in turn increases the osmotic pressure and the
saturation level of mineral scalants.

It is known that the salinity at the membrane surface dictate the osmotic pressure across the
RO membrane as well as the saturation level of mineral scalants. Therefore, the RO concentrate
salinity at the membrane surface must be determined in order to quantify energy consumption
and mineral scaling propensity. However, given the interplay of hydrodynamics and salts
dispersion in the membrane channel, it is difficult to determine the variation of RO concentrate
salinity particularly in cyclic SBRO operation. The above is due to the presence of salt

dispersion in the feed channel, which may cause incomplete feed water replacement or



membrane surface cleaning within the given flushing period. It is necessary to characterize the
flushing efficacy for a given membrane in order to develop a predictive model for membrane
surface concentration during SBRO desalting with concentrate recycling. Predictive models,
based on adequate engineering fundamentals including mass transfer, and steady- and unsteady
state material balances, is vital for the design and optimization of RO desalting with concentrate

recycling.

1.3 Research objectives

The goal of the present study was to develop a theoretical framework for evaluating reverse
osmosis (RO) membrane desalting with concentrate recycling with respect to water recovery
and energy consumption. Based on fundamental process models, which account for solute
material balances and permeate flux, a predictive approach was developed for (a) solute
concentration within the RO circuit and at the membrane element exit, and (b) RO element
feed pressure, both for unsteady-state semi-batch (i.e., cyclic) RO (SBRO) and steady state RO
(SSRO) operations. The impact of concentrate recycle ratio in SSRO-PR and efficacy of
intermittent concentrate flushing on energy consumption in SBRO desalting operations were
quantified via both theoretical and via experimental studies. Also, mineral scaling propensity
was evaluated experimentally using a pilot scale RO system aided by a novel real-time direct
membrane surface observation system.

The major objectives of the study were to:

1. Develop a modeling framework to predict the optimal operating conditions (e.g.,
pressure, water recovery, energy recovery efficiency) of RO desalting with concentrate

recycling, for given feed water quality, with respect to minimizing energy consumption;



2.  Evaluate the energy footprint of desalting operation with concentrate recycling in the
SSRO-PR and SBRO for operation up the thermodynamic crossflow restriction;

3. Develop an optimal SBRO and SSRO-PR systems design and operational strategies
considering the effects of concentrate flushing efficacy; and

4.  Evaluate mineral scaling propensity in SSRO-PR and SBRO operations by quantifying
the degree of crystal nucleation and growth kinetics, and assess the impact of the efficacy

of concentrate flushing in SBRO operation.

1.4 Dissertation structure

The research objectives were accomplished via a combination of theoretical modeling and
experimental validation using a pilot scale spiral wound RO system. Theoretical models were
formulated based on coupled mass balance and membrane flux equations. The pilot-scale
spiral would RO system was developed to: (a) demonstrate both steady-state RO with partial
concentrate recycling (SSRO-PR) and semi-batch RO (SBRO) operations on a single platform,
(b) evaluate and optimize process conditions, and (c¢) compare with predictions from
theoretical analyses for required energy consumption. A membrane surface monitoring
(MeSuM) system was integrated with the spiral wound RO system for direct membrane
surface observation in order to quantify and compare mineral scaling kinetics in terms of
crystal number density and single crystal growth rates using image analysis.

A literature review and relevant background information are provided in Chapter 2.
Chapter 3 describes an operational approach steady state RO with partial concentrate recycling
(SSRO-PR), which allows the implementation of operational flexibility, in terms of handling

both a wide range of source water salinity and recovery on a single system platform.
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Operational flexibility of SSRO-PR was enabled by RO process-decomposition, which enables
fluid flow regulation at low pressure and adjustable product water recovery. In this chapter, the
specific energy up to the thermodynamic limit in SSRO-PR operation is evaluated in order to
quantify the theoretical minimum energy consumption and investigate the impact of the
efficiency of the energy recovery and per-pass product water recovery.

Chapter 4 introduces an alternative approach for achieving operational flexibility with
respect to water recovery through SBRO, which employs total concentrate recycle and periodic
concentrate flushing in a cyclic RO operational desalting strategy. In this approach, the overall
system water recovery is a function of the RO filtration and flushing durations. This chapter
provides a description of the time-dependent RO feed and concentrate profiles to assess the
energy consumption as a function of water recovery relative to steady-state RO. Considering
the flushing efficacy in SBRO, Chapter 4 also provides analytical models which allow
prediction of (a) cycle-to-cycle concentrate salinity rises due to incomplete (concentrate)
flushing, and (b) specific energy consumption (SEC) with respect to overall permeate water
recovery. Using a pilot-scale flexible RO system, SBRO operation and its energy demand were
demonstrated over a wide range of water recovery.

In Chapter 5, mineral scaling propensity in SSRO-PR and SBRO operations were
compared using gypsum as model scalant. In order to unambiguously assess mineral scaling
under in SBRO operation, a direct real-time membrane surface imaging system was developed
to detect the onset of membrane scaling. RO desalination tests in both SBRO and SSRO-PR
were carried out at various water recoveries to quantify nucleation rate and crystal growth.
Based on the mineral scaling kinetics, effectiveness of periodic raw-feed water flushing in

SBRO operation was evaluated.
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Chapter 2  Literature Review

2.1 Reverse Osmosis Desalination

2.1.1 Reverse osmosis

In reverse osmosis (RO) processes, high pressure is applied to a feed solution allowing
selective permeation of a solute lean product water (permeate) through a semi-permeable
membrane, while rejecting solutes including colloidal particles, organic residues, and dissolved
ions [53-56]. As a result, a solute-rich brine stream (the concentrate) is generated as byproduct
which may require post-treatment before discharging. The production of a permeate product
requires applied pressure to be greater than the feed-side osmotic pressure. The permeate water
flux through the membrane is dictated by the difference between the applied pressure (AP )

and the osmotic pressure ( Az ) differences across the membrane given by [57-59]:
J,=L,(AP-0-Ar) (2-1)

in which J, and L, are the volumetric permeate flux and membrane water permeability,
respectively, and o 1is the reflection coefficient which indicates the selectivity of water

passage relative to salt passage across the membrane [60]. The transmembrane hydraulic and

osmotic pressures can be written as AP = Pb—Pp and AT =7, -7, , respectively, where

p 9
subscripts m, b, and p denote the membrane surface, bulk solution (in the membrane channel),
and permeate solution, respectively. The intrinsic salt rejection by the membrane is defined as:

C
Rs i :1—C—P (2-2)

m
where Cp and C, are the salt concentrations in the permeate and at the feed-side of the

membrane, respectively. It is noted that the reflection coefficient is typically considered unity
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(o =1) for RO membranes with high salt rejection. The osmotic pressure, in a solution, can be
generally approximated by the van’t Hoff equation [61, 62] for low to moderately saline (up

to about 80,000 mg/L TDS [63]) as # =i-C RT where c is the salt concentration, R is the

ideal gas constant, 7 is the temperature (K), and 7 is the dimensionless van't Hoff factor.

Polyamide layer

Polysulfone |
Nonwoven
reinforcing fabric ||

Fig. 2-1. Schematic depiction of a cross section of a thin-film composite membrane illustrating
dense polyamide layer (PA) skin located on top of the polysulfone (PS) support layer (adapted
from [64]).

Since the early development of the asymmetric cellulose acetate (CA) RO membrane by
Loeb and Sourirajan [65], membrane materials have continued to evolve to achieve high water
permeability with low salt passage [9]. The current state-of-the-art reverse osmosis membranes
typically comprised of a thin aromatic polyamide (~200 nm thickness) active layer coated over

a porous supporting polysulfone or polyester layer (~40 um) [66].
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Fig. 2-2. Schematic of a spiral-wound RO membrane element [22].

13



<—— Permeate channel
Membrane

/_‘ i‘Feed channel
el

Membrane
<— Permeate cha

/ nnel

4
Fig. 2-3. Cross-section of symmetrical spiral wound envelope with spacer mesh in feed channel

providing structural integrity (SEM view of feed spacer adapted from [67]).

For commercial applications of RO technology, the spiral wound RO configuration (Fig.2-2)
has been commonly used to provide a large membrane surface area per unit volume of a
membrane element [68, 69]. In this configuration, feed channel between two membrane sheets
is supported by a channel spacer to provide structural integrity and maintain the opening of the
channel. The permeate channel is also configured with channel spacers, also known as a
“permeate carrier” or “permeate collector”. Through this permeate channel, the permeate water
spirals toward the central product collection tube (Fig.2-2). The cross-section of symmetrical

feed channel in spiral-would RO element is described in Fig. 2-3.

2.1.2 Concentration polarization
In order to prevent deposition of foulants onto the membrane surface, RO desalination is
carried out in a crossflow configuration (Fig. 2-4). The incoming saline feed water flows

tangentially across the membrane surface as the selective permeation of clean water across the
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membrane surface occurs in a direction perpendicular to the feed flow causing increased local
salt concentration near and at the membrane surface (Fig. 2-4). This phenomenon is known as
concentration polarization (CP). The degree of concentration increase near the membrane wall,
relative to the bulk concentration, is commonly estimated by the one-dimensional single film

model [70-72].

Feed Flow

solutes

l l [~ - R v
‘ ’ ‘ lcp._]c

¥ Permeation of fresh water

Fig. 2-4. Development of concentration polarization in the concentration boundary layer. As
the feed flow along the membrane and water permeates across the membrane, the solute
accumulates at the membrane surface. The box with a dashed line represents the control volume
for the solute material balance in Eq. (2-3).

A salt material balance around the control volume indicated on Fig. 2-2 leads to

J,-C =JV-CP—D% (2-3)

where Jy is the permeate volumetric flux, c is the solute concentration in the boundary layer (at
a distance of y from the membrane surface), D is the solute diffusion coefficient in water, and
cp 1s the salt concentration in the permeate stream. Equation (2-3) can be solved subject to the

boundary conditions of i)c=c,, aty=0 and ii) c=c, aty =0 where c» and ¢ are the

solute concentration at the feed-side membrane wall and in the bulk solution, respectively, and

0 is concentration boundary layer thickness. The solution of Eq. (2-3) leads to the following
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classical film model of concentration polarization:

n~C _exp(J,-5/D) (2-4)

C, —Cp

Concentration polarization progressively increases along the length of the RO feed channel and

becomes most severe towards the membrane exit as the concentration boundary layer increases.

2.1.3 Mineral scaling

Mineral scaling on a membrane surface is the result of precipitation of sparingly soluble
inorganic salts (e.g., calcium carbonate (CaCQO3), calcium sulphate (CaSO4-2H>0), barium
sulphate (BaSQOs), strontium sulphate (SrSO4), calcium phosphate (CazPOs), etc. [64, 73-75]).
RO membrane desalination is particularly vulnerable to mineral scaling as it may (a) reduce
the active surface area [76, 77] (Fig. 2-5), (b) cause membrane damage [51], and (c¢) reduce
permeability. Consequently, mineral scaling reduces permeate water productivity over time

requiring higher differential pressures to compensate for the productivity loss.
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Fig. 2-5. (Left) photographs describing the development of gypsum crystals on a membrane
surface causing (right) relative permeate flux decline (where J,¢ is initial permeate flux from a
scale-free membrane surface) [51] in a plate-and-frame RO channel. (note: The TDS of the raw
feed solution was 7,990 ppm having the gypsum saturation index (SI) of 0.77, while the SI at
membrane surface was 2.1. The RO system was operated at 1.72 MP with a crossflow velocity
of 5.9 cm/s.
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Susceptibility of RO membrane processes to impacts from membrane scaling has promoted
rigorous investigations to characterize nucleation phenomena in membrane system [48, 56, 64,
73, 78]. The two mechanisms for scale formation in the RO system are (a) homogeneous
nucleation forming stable nuclei uniformly throughout the supersaturated solution (known as
“bulk crystallization” followed by growth and deposition, and (b) heterogeneous nucleation
promoting formation of nuclei directly on the surface of a foreign structure (e.g., membrane

surface) followed by growth (Fig. 2-6).

Homogeneous Nucleation

Growth Deposition —

Nucleus

0/ 8 & & &

Homogeneous Nucleation

Membrane

Fig. 2-6. Description of two nucleation pathways in a membrane system. Homogeneous
nucleation occurs through bulk crystallization followed by crystal deposition onto the
membrane surface, whereas in heterogeneous nucleation, a nucleus forms directly at the surface
of the membrane (adapted from [79]).

In high recovery RO desalting, the concentration of mineral salts in the feed side of the
membrane channel can rise above their solubility limits. As a consequence, mineral scaling can
occur [80-82] directly on the membrane surface due to heterogeneous nucleation (Fig. 2-6),

and subsequent crystal growth [83, 84]. In principle, mineral scaling may also occur due to

deposition of mineral crystals that may form in the bulk solution in the RO membrane channel;
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however, studies have shown that mineral scaling due to crystallization directly onto the
membrane surface is dominant, relative to crystallization in the bulk solution, in RO operations
[85]. Membrane scaling can lead to membrane surface blockage and thus permeate productivity
loss (i.e., flux decline), which can ultimately shorten the membrane lifespan [64, 86-88].
Homogeneous nucleation process can be described thermodynamically [89] considering

the free energy cost (AG" in J) the nucleus above the nucleation barrier (Fig. 2-7) given by:

*

AG™ = gzyrf (2-5)

in which 7 is the specific surface energy of the crystal-solution interface (J/m?) and r. is the
critical radius (m?) of the stable particle, defined as:

2y -V

r=—>-+~""_ 2-6
° kgTInSI (2-6)

where v is the molecular volume of the particle (m?), 7 is the absolute temperature (K), ks is

the Boltzmann constant (1.38x1072 J/K), and S is the saturation index given by:

e
KSP

Sl (2-7)

where 4P is the ion activity product, and Ksp is the solubility product at chemical equilibrium.
The classical nucleation theory [89] describes the rate of nucleation (Jy, #/cm’h) of N particles

with respect to time, ¢, as shown below:

dN ay

Jy=—=A,exp| ——N (2-8)
o (n(s1)y
in which Ay is the pre-exponential factor [90], and aw is defined as:
167y v f (6
N = —g) (2‘9)
3(ksT)
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where f(6) is the heterogeneous nucleation factor of value between 0 and 1 (0 < f(6) <1).
The heterogeneous nucleation factor is considered unity in the absence of foreign particles (i.e.,
the conditions for homogeneous nucleation) in the supersaturated solution. The rate of
heterogeneous nucleation is affected mainly by the membrane surface topology, roughness,

chemistry, and solution supersaturation.

AGs
® Interface

free energy  ritical free energy

required for
stable particles

AG':ﬂl: % JZ'}’!'E

Free energy, A6

Size of nucleus, r

Fig. 2-7. Variation of Gibb’s free energy with particle reduces. The critical free energy (4Gerir)
at r=r. 1s required to form a stable nucleus (adapted from [89]).

As shown in Eq. (2-6), the saturation level (represented with S7) is the most critical [73, 91]
factor determining the size of the stable nucleus (i.e., the critical radius). In RO processes, the
ST is the highest near the liquid (feed solution)-solid (membrane surface) interface as solute
concentration increases at the membrane surface due to selective permeation of water across
the membrane causing concentration polarization (Section 2.1.2). Therefore, heterogeneous

nucleation is dominant unless very high S7 (i.e., ST >2) condition exists [92, 93] (Fig. 2-8).
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Fig. 2-8. Induction period as a function of saturation index for CaCOs3 precipitation at 25°C
(adapted from [92, 94]) with dominant nucleation pathways indicated on the figure.

The nucleation or crystallization induction time, which is considered to be the time delay
before the first detectable crystal appears in a saturated solution, is related to the rate of

nucleation [92] as:
A1
tog =y (2-10)

in which #;,4 1s the induction period. Substituting Eq. (2-8) into Eq. (2-10), the crystallization

induction time can be related to the specific surface energy according to:

oy 16T () 3_n ]
! (ti”d)_s(ln(su)z[kBTj "(A) b

Various detection methods have been suggested to determine the nucleation induction

times for different scalant species [81, 83, 95, 96] including detection of (a) turbidity increase,
(b) Ca" reduction, (c) permeability decrease, or (d) increase of frictional pressure drop. He et

al. [95, 97] evaluated the induction times for CaSOs and CaCOs in bulk solution by monitoring
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variation of the solution turbidity and Ca®* cation. Using this method, the above study evaluated
the effect of temperature and ion activity in order to characterize nucleation process in bulk
solution. Using the method of monitoring the turbidity rise and calcium ion concentration
decline in a stirred crystallization vessel, Shih et al. [83] demonstrated the approach to ranking
antiscalant effectiveness in retarding mineral salt crystallization. Shih et al. in later study [85]
used a plate-and-frame membrane test cell to investigate surface nucleation in a saturated
solution with calcium sulfate by eliminating the crystals in bulk solution before surface
deposition using a media filter. Shih et al. characterized the formation of scaling by both
monitoring the permeate flux decline and by membrane surface imaging via high-resolution
scanning electron microscopy (SEM) [85]. The above study clearly showed a progressive
development of surface gypsum crystal demonstrating the pathway of mineral scaling via

heterogeneous nucleation on a membrane surface (Fig. 2-9).

Fig. 2-9. Gypsum scaling on the membrane surface on SEM images (note: the experiment
conducted using a feed solution at SZgpsum 0f 1.01 on a membrane system with a permeate flux
0f 3250 L/m2/h at 20°C and 689 kPa using TFC-ULP polyamide membrane; adapted from[85])
In order to improve the detection sensitivity for mineral scaling on the membrane surface,
Hasson et al. [96] relied on permeability monitoring in spiral wound RO system operated with

a supersaturated gypsum feed solution in a feed vessel. In the above study, the feed vessel

received concentrate and permeate stream from the RO membrane for continuous recirculation
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of the solution in total recycle mode. The above study demonstrated rapid permeability decline
due to gypsum mineral scaling in a membrane system, as also evidenced by turbidity increase
in the RO feed stream. In a later study, Li et al. [98] adopted the permeability monitoring
method in spiral wound RO membrane system (similar to that in [96]) to provide inhibitory
effectiveness of various antiscalant in a membrane system. Despite the convenience of indirect
detection methods for mineral scaling (e.g., turbidity, permeability monitoring), inconsistent
measurement of crystallization induction time (Table 2-1), primarily due to the difference in
detection resolution, remains a major challenge. In order to overcome the above challenge,
Karabelas et al. [84] employed a direct membrane surface analysis from a flat-sheet membrane
module for incipient gypsum scaling on the membrane surface using an Energy Dispersive X-
ray spectrometry unit (EDS) connected to the Scanning Electrode Microscopy (SEM) system.
The SEM analysis in the above study demonstrated incipient of gypsum micro particles on the
membrane surface immediately (i.e., without crystallization induction time) under
supersaturated feed solution.

In an effort to provide early detection of mineral scaling via direct surface monitoring
without process interruption of RO desalination, Cohen et al. [99] introduced an ex-situ direct
membrane observation method (Fig. 2-10). In this method, the membrane surface images were
captured at fixed time interval (typically every 5 — 20 min.) using high resolution digital camera
through a semi-transparent plate-and-frame membrane cell. As a diagnostic system, the
membrane monitoring system was connected to a spiral wound RO system to provide rapid
and real-time membrane surface observation tool for particulate deposition on the membrane
surface. While it was infeasible to capture nanoscale nuclei formation even with the high-

resolution digital imaging system, this technique provided reliable and reproducible estimation
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of the crystal induction period as reported in multiple studies [46, 51, 73-75, 100-102]. The

observed induction times of gypsum crystallization both in bulk solution and in membrane

system are compared in Table 2-1.

Table 2-1. Induction times at various saturation level for CaSQOq4

Measurement Induction
Authors §7 CaSO Reynolds Criteria for Nucleation time
4 number determination of the mechanism (min)
induction time
Increase in solution Homogeneous
Lietal. 14-42 NA" turbidit nucleation in a 300 -20
(2018) y stirred solution
[98] 1.4-2.5 430 Reduction in Heterogeneous 50-25
25 49 6300 membrgr{e nucleation in a 240 — 60
permeability membrane system
2.75 78
2.79 Permeate flux decline, 61
Hasson et al. Heterogeneous
(2001) 313 pressure drop, nucleation in a 42
81] 3.64 turbidity, and Ca** membrane svstem 32
3.90 measurement y 27
423 16
1.59 1840
1.85 400
2.03 245
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Fig. 2-10. Schematic of RO desalting system integrated with ex-situ membrane surface
monitoring [99] for early detection of mineral scale (adapted from [100]).
2.1.4 Surface mineral prevention methods

Conventional methods of mineral scale mitigation in RO desalination include: (a) feed
water acidification to control the solubility of certain mineral salts (e.g., primarily for calcium
carbonate scale control) [104, 105], (b) ion-exchange water softening to remove pre-cursors
divalent ions of the potential mineral scalants from the RO feed water [106], and (¢) antiscalant
addition to the RO feed water to suppress mineral salt nucleation and crystal growth [89, 107,
108]. Acidification is appropriate for decreasing the rate of precipitation of mineral salts whose
solubility is affected by the level of pH (e.g., calcium carbonate, silica, calcium phosphate, etc.).
Figure 2-11 illustrates the variation of the saturation level of selected mineral scalants with
respect to pH in a water sample collected from a brackish water source with TDS of 11,020 in
an agricultural area (San Joaquin Valley, California). It is noted that the application of
acidification for scale control is limited to specific type of scalants [104] as listed above, and

the high material cost from continuous acid dosing (e.g., H>SO4) is burdensome [109].
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Fig. 2-11. Variation of saturation indices with pH for brackish water at TDS of 11,020 ppm
(from a site in California San Joaquin Valley [110]).

Ion exchange technique utilizes cation or anion resins (typically in the shape of a small
porous plastic bead [111]) which allows exchange of one type of ion for another dissolved ion
of the same charge. For example, base anion resins exchange hydroxyl (OH") or bicarbonate
(HCO3) ions for other anions. Cation resins exchange hydrogen ions (H") or monovalent
sodium ions, Na*, with divalent cations as calcium, Ca*’, and magnesium, Mg*" (Eq. 2-12)
[112]. An example of an ion exchange reaction for Ca®" using cation resin is provided in Eq.
(2-12).

2R-Na" +CaSO, <> 2R«CA* + Na,S04
R :ion exchange resin

(2-12)
Ion exchange is an effective method for reducing water hardness without necessitating
continuous acid or antiscalant dosing [113]. However, major challenges remain such as the

slow ion exchange process and high operating/maintenance cost associated with periodic

replacement or regeneration of ion-exchange resins.
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Addition of antiscalant agents is most commonly used in RO desalination to control the
precipitation of sparingly soluble salts in supersaturated feed solutions. Antiscalant molecules
in the feed solution target the positive charges of the nuclei distorting the crystal shapes (Fig.
2-12) to decrease the rate of crystal nucleation and growth by increasing the surface energy of
crystal nuclei [102, 114]. Common antiscalant additives to the RO feed water are polyacrylic
acid, carboxylic acid, or phosphonates [83]. The predetermined antiscalant dosing must be
maintained according to the solution composition and saturation level with respect to the target
scalant. Consequently, methods for detection of pertinent process parameters that are relevant
to mineral scaling (e.g., SI, permeate flux, etc.) are critical to determine proper antiscalant
dosing. Other approaches include periodic RO elements permeate flush [115, 116] and feed-
flow reversal in which is suitable when the raw feed water is sufficiently undersaturated [52,
100, 117]. In both of the above approaches the intent is to remove (via dissolution) the mineral

scalants at a reasonable early stage of their formation.
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Crystals antiscalant
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O Crystal
O : ) modlflcat|on
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i
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antiscalant %
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Anionic T/ TR
charge - ( ) -

Fig. 2-12. Description of scaling inhibition via addition of antiscalant (adapted from [118]).
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2.1.5 Energy consumption in RO desalination

In RO desalination, high pressure is applied to the saline feed water to ensure permeate
productivity over the entire surface area of the membrane (i.e., no inward flux of water from
the permeate side). Water desalting by RO process requires higher pressure, compared to other
types of membrane processes (e.g., nanofiltration) [119-122], as the difference in osmotic
pressure between solute-lean permeate and solute-rich concentrate water is much greater in RO

processes. An illustrative schematic of RO system with a high-pressure pump is shown in Fig.

2-13.
Concentrate
Pumping e, Pe, Cc
element
ﬁ #
Raw feed Feed Membrane Permeate
QOI POI CO CIF/ PFI CF mOduie qP: Pp: CP

Fig. 2-13. Schematic of simplified RO system with a high-pressure pump, where gr, gc, and
qp are the flow rates of the feed, retentate, and permeate, respectively, cr, cc, cp, and ¢, are the
concentrations at the feed, retentate, permeate, and at the membrane surface, respectively, and
Pr, Pc, and Pp are the pressures of the feed, retentate, and permeate, respectively.

The applied pressure in RO desalination is typically in the range of 2-20 bar (30-290 psi)
for brackish water (BWRO), which generally produces potable water with total dissolved solids
(TDS) less than 500 mg/L [123] from brackish water resources of TDS in the range of 1,000-
10,000 mg/L [124]. The applied pressure required for seawater RO (SWRO) desalination is in
the range of 40—-80 bar (6001200 psi) due to the high TDS of seawater of ~35,000-42,000 ppm
[15, 125-127]. Energy consumption due to the required high pressure is one of the primary

factors affecting the cost of water desalination, generally responsible for 20-30% and 30-44%

of the total water production cost for brackish water and seawater desalination, respectively
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[22, 34, 128-130]. Accordingly, a significant effort has been devoted to decrease the operating
cost of RO desalination by reducing the energy cost per volume of permeate product (i.e.,
specific energy consumption or SEC) [34, 35, 131-134] given by:

SEC = Weme (2-13)
7p - Qp

where 7], is the pump efficiency, gp is the volumetric flow rate of the permeate stream, and

W is the rate of work done by the pump, which can be written as given below assuming

Pump

negligible pressure drop within the RO module,
W pump = APF .qF (2—14)

in which gr is the volumetric flow rate of the feed stream, APF is the transmembrane pressure

defined as
AP. =P. —P, (2-15)
where Pr is the feed pressure and Po is the pressure of the raw feed, which can be reasonably

assumed to be the same as that of the permeate water. Combining Egs. (2-13) — (2-15), a simple

expression of the SEC can be obtained as a function the transmembrane pressure:

AP,
SEC = F 2-16)
T * Tsp
where Ysp is the per-pass (or “once-through”) water recovery defined as:
Yoo = % (2-17)

Ur
As implied by Eq. (2-16), for a given pump efficiency and water recovery (i.e., #p and Y), the

specific energy consumption is dictated by the transmembrane pressure exerted by the pumping
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element in the system. In RO desalting, the transmembrane pressure must be greater than the
brine osmotic pressure in order to ensure permeation production over the entire surface area of
the membrane (Eq. (2-1), Fig. 2-4). Accordingly, a lower limit (known as the thermodynamic
restriction of the cross-flow RO desalting [134, 135]) is imposed on the transmembrane
pressure as:

AP.>Ar,, = %o (2-18)

exit
SP

in which 7, is the feed osmotic pressure. Accordingly, Zhu et al. [136] provided the

expression for the minimum energy cost for the process of single-stage (and single pass) RO

desalting, at the limit of thermodynamic restriction, by combining Eq. (2-9) and (2-11):

T,
SEC, = o (2-19)
r e Yep (1_YSP)
AP ST
. . _,_.\
§ Am AP=ATt
g at membrane exit
X
x
>
% Permeate flux=0
2 as AP=AT
& <

axial distance along the membrane channel, x o
Fig. 2-14. Schematic illustration of the thermodynamic restriction for crossflow RO desalting.
As the brine osmotic pressure increases toward the membrane exit, the permeate flux
diminishes. At the limit of the thermodynamic restriction, the applied pressure is at a level
equivalent to the osmotic pressure in the brine stream exiting the membrane element.
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Fig. 2-15. Comparison of RO process configurations in (a) single stage, (b) 2-stage, and (c) 3-
stage RO with interstage booster pumps. The minimum applied pressure (for permeate
production) is indicated with dotted curve.

Single-stage RO requires high feed pressure at the membrane inlet (greater than or equal to
the brine osmotic pressure at the exit from the membrane element/train) to ensure the permeate
productivity along the entire RO membrane surface. Multi-stage configuration (Fig. 2-15) has
the advantage of reducing the energy foot-print (with respect to water recovery) [32] by
allowing incremental increase of the feed pressure to each stage thereby reducing the

irreversible energy loss. Equation (2-20) provides the expression for the SEC in multi-stage

RO assuming 100% efficient pumps at the limit of the thermodynamic restriction [29, 136],

| 2

SEC, = 7[ v ~(N —1)} (2-20)

in which N is the number of stages. Fig. 2-15 illustrates reduced amount of excess pressure in
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multi-stage RO configurations. It has been reported that, in multi-stage RO configuration with
interstage booster pumps, energy consumption can be reduced by 15 —40% depending on pump
efficiencies [58, 137, 138]. However it is emphasized that increased number of membrane

stages may cause significant expense in system installation and maintenance [136].

Raw Jo Qe _ Brine
Water Py | | P Discharge
ERD °

P Feed
dr
Pe

Pump Jp Permeate

Po
Fig. 2-16. Schematic illustration of single-stage RO system with an energy recovery device
(ERD: energy recovery device).

One of the most important breakthroughs in RO desalination technology that significantly
reduced the RO energy footprint was the development of energy recovery devices (ERD) [10,
139-143]. The main function of an ERD is to transfer hydraulic energy from the exiting high
pressure concentrate stream back to the feed stream (schematically illustrated in Fig. 2-16) in
order to lower the required energy input. The required pump work is reduced as described by

the following expression:

W pump = AP (0 =775 -0 (2-21)
where 7£r 1s the efficiency of energy recovery device, and gc is the concentrate stream the flow
rate whose hydraulic energy is recovered to pressurize the raw-feed water. Accordingly, the

specific energy consumption for a single-stage RO desalting with the use of an ERD is given

by:
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(1_77ER (1_Y)) 7o
Y (1—Y) (2-22)

SEC, =
Incorporation of an ERD effectively reduces the required pump work leading a drastic SEC
reduction, particularly for RO operation at low recovery (Fig. 2-17). The incorporation of an
ERD in seawater RO (SWRO) desalination, the SEC was reported to reduce from 20 kWh/m?
in 1970°s [144] to only 1.8 kWh/m?[13, 130, 145, 146] recovery in present days at 50% product
water recovery. Given that the theoretical minimum specific energy consumption in SWRO,
for 50% recovery, in the absence of pressure drop in the membrane module is 1. 6 kWh/m? [22]
(Fig. 2-18), the process of RO desalting is now considered the most energy efficient

desalination technology which is rapidly replacing the traditional thermal desalting

technologies (e.g., multi-stage flash, multi-effect evaporation, and etc.) [10].

20

Np=50%, Ner=0%
np=80%, Ner=0%
15 | Np=100%, ngg= 0%

> //
Ne=50%, Ner= 100%
\ Np= 80%, Ner= 100%
F:_————__-: — Np= 100%, Ner= 100%
O 1 1 1 1

0 0.2 04 0.6 0.8 1

SECtr/zo

Fractional water recovery, ¥

Fig. 2-17. Variation of the specific energy consumption normalized by the feed osmotic
pressure, at the limit of the thermodynamic restriction, with respect to the fractional water
recovery in a single-stage RO evaluated with and without an energy recovery device (as per
Eq. (2-19) and (2-20), respectively) for pump efficiencies of #p=50, 80, 100%.
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Fig. 2-18. The SEC in RO desalination of seawater (35,000 mg/L TDS) at 50% water recovery
relative to the theoretical minimum energy requirement (indicated by the dashed line) [22, 144,
145, 147].

2.2 Operational approaches for RO processes

2.2.1 Steady-state RO process

In a typical steady state RO (SSRO) process, the feed water is continuously fed to the
membrane module, while the concentrate discharge and the permeate stream exit the membrane
module at a constant flow rate (Fig. 2-13). In SSRO operation, process parameters (e.g.,
pressure, flow rates, etc.) do not vary with respect to time, and thus the process conditions for
system components (e.g., pumps) can be maintained within the optimal operating range,
provided that water quality remains time invariant. Due to the physical pressure limitation of
RO membranes, water recovery from a single element, Ysp (Eq. (2-17)), is typically limited in
the range of 5 — 15%. In order to overcome the above limitation, multi-stage configuration is
commonly adapted (Fig.2-19) in order to achieve higher product water recovery in SSRO

operation.
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Fig. 2-19. Two-stage RO configuration with one high-pressure pump before the first stage, and
a booster pump before the 2™ stage (adapted from [148]).

Multi-stage RO process configuration involves multiple membrane elements connected in
series. The number of stages and membrane elements in each stage are determined based on
the overall target water recovery [149]. The number of membrane elements (Na) can be

calculated based on the total (targeted) volumetric flow rate of the permeate (¢p) divided by

the average volumetric flow rate of the permeate allowed for each element ( Jp¢ ):

N, = (2-23)
Ope

The Qpz can be calculated from the product of the membrane surface area (Am) and the

average permeate flux (i ) given by:

Goe = J,° Ay (2-24)

Most membrane manufacturers specify the effective membrane surface area, recovery per
element, recommended permeate flux for their commercial membranes, and suitability for
desalting specified water types [150]. Specific RO network configurations are also

recommended for overall water recovery target [148] as shown in the example of Table 2-2.
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Standard multi-stage RO process configurations typically consist of one or more hydraulic
components (e.g., pumps), coupled with a throttling valve to relieve the pressure of the
concentrate stream to be discharged out of the system safely (Fig. 2-19). Thus, multi-stage RO
is most suitable for deployment in locations with a source of stable water quality (e.g., ocean,
river, etc.). The efficiency of RO feed pump and ERD is largely dependent on hydrodynamic
conditions (e.g., volumetric flow rates, and hydraulic pressure [151]; Fig. 2-20); thus, it is
critical to provide and maintain optimal RO operating conditions. Therefore, on RO systems
with highly integrated system components (e.g., multi-stage RO), variations in the operating
condition can cause a severe irreversible energy loss from sub-optimal operation of numerous
system components. Figure 2-20 shows an example of the variation of pump efficiency with
respect to the flow rate.

Table 2-2 Recommended system configuration with
commercial spiral wound RO membranes

Numberli)If Stages, Overall recovery
1 <60%
2 60 —70%
3 >75%

Note: The above recommendation assumes 6 membrane elements in
each stage for the permeate flux of 8~30 GFD [148].

Best Efficiency Point (BEP) 100

Isobaric ERD

80 Turbocharger
Pelton Turbine
60

40

NBep 4= = = = = = = == == - o

ERD efficiency, ngg (%)

Pump efficiency, n,(%)

20

D [rmmmmmm el =i

BE}

»
Volumetric flow rate of flowing media, Flow rates

Fig. 2-20. Example of (Left) pump, and (Right) ERD efficiency trends with respect to
volumetric flow rate (adapted from [152] and [140], respectively).
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For small-scale RO systems with a small system footprint, partial concentrate recycling is
beneficial to enhance the water recovery. In steady-state RO with partial concentrate recycle
(SSRO-PR, Fig. 2-21), a part of the concentrate is continuously mixed with the raw-feed water,
and the mixture is introduced to the membrane module entry while maintaining a constant

permeate productivity.

» Concentrate
disch
ischarge, ¢, ¢,
Concentrate Concentrate,
Recycle, CC, qdr CC, dc
Rawfeed ; Feed Membrane
Co.490 Cr dr module
Permeate, . 4P

Fig. 2-21. Schematics of RO desalination with partial concentrate recycle (i.e., the remainder
concentrate water is discharged from the system) where c indicates salt concentration, and q
indicates the volumetric flow rates (O: raw-feed, R: concentrate recycle, C: concentrate, D:
concentrate discharge, P: permeate water).

Given the operation of steady state RO (SSRO) at constant flow rates in the entering (i.e.,
the raw-feed water) and exiting (i.e., concentrate discharge and permeate water) streams, the
following salt material balance can be established:

CoUo =Cc0p +Cp -Qp (2-25)
where c is the salinity (in mg/L), and ¢ is the volumetric flow rate (in L/s), subscripts O, C, D,
and P indicate raw feed, concentrate exiting the membrane module, concentrate discharge, and
permeate streams, respectively (Fig. 2-21). In this configuration, the overall water recovery (Y)

can be defined in terms of the volumetric flow rates of the raw feed and the permeate water

streams as given by:
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y=2 (2-26)
%

It is important to recognize that partial concentrate recycle allows one to vary the overall water
recovery (Y) by adjusting the flow rates of the raw feed water, while maintaining constant flow
rates the RO element feed, concentrate, and permeate(i.e., ¢r, gc, and gp, respectively). Figure
2-22 describes the simultaneous variation of the flow rate of each stream in SSRO operation
with partial concentrate recycle allowing a wide range setting of the overall water recovery.
Therefore, SSRO with partial concentrate recycle is an effective method to increase water
recovery for a small-scale RO system. Due to mixing between the raw feed (go) and the
recycled concentrate stream (qr), the feed water salinity increases with the target overall water
recovery. Consequently, when concentrate recycle is adapted the membrane feed needs to be

evaluated to determine the optimal operating condition for the system (e.g., antiscalant dosing,

pretreatment methods).
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Fig. 2-22. Variation of the volumetric flows with respect to the overall system recovery for a
constant permeate flow (gp) where Y is the per-pass water recovery.
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2.2.2 Unsteady-state RO operation

Increased concern about environmental issues associated with concentrated brine
management [4, 153, 154] and costly post-treatment [155] have led increased interest in high
recovery RO processing utilizing concentrate recycle to decrease brine discharge. One such
process is that of unsteady state semi batch RO (SBRO) operation [156], which allowed by two
holding tanks, which alternatively store accumulated concentrate holdup Fig. 2-23. While one
tank is connected to the RO membrane module, the other tank is disconnected to discharge the

concentrate holdup, and refill with the fresh raw feed.

(@) (b)

Concentrate N\ Concentrate

DischargeE-:‘ ; Discharge
Perr{eate C) <> PerTeate G_'

Tank 1 Tank 2 Tank 1 Tank 2

Raw C Raw |
feed feed
BP —S BPE

Fig. 2-23. Schematic of SBRO process with two external holding tanks (T1 and T2) with a
booster pump (BP), high pressure pump (HPP) and a circulation pump (CP) (adapted from
[156]).

An alternative approach is that of SBRO operation without external holding tanks [157]
consisting of a filtration period followed by concentrate flushing. During the filtration period,
RO desalting is accomplished in the mode of total concentrate recycle (Fig. 2-24a). Permeate

water is continuously produced at a flow rate equal to the flow rate of the saline raw-feed water
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entering the system (i.e., gp = qo), thereby achieving 100% water recovery during the filtration
period. The filtration process is then followed by the flushing in order to discharge the
concentrate holdup once the physical element pressure threshold (e.g., maximum operating
pressure) is reached or when the flushing period is set to attain optimal energy utilization.
During the flushing period, the concentrate stream exiting the membrane module is no longer
recycled, and only the fresh raw feed (source) water is fed to the system (Fig. 2-24b). The
filtration and flushing processes are repeated alternately one after the other enabling continuous
permeate productivity. The approach described above is often referred to as Semi-Batch RO

(SBRO) or Closed-Circuit Desalination (CCD) [22, 27, 29, 42, 43, 63, 147, 158-167].

(a) Filtration process
Concentrate Recycle,

Ceqe
Raw-feed Feed Membrane
Co 90 Cr module
qr Permeate,

Crqp

Concentrate discharge,

(b) Flushing process

Ceqc
Raw-feed X
Co, 4
Permeate,
Cpqp

Fig. 2-24. Schematic of the two modes of operation in semi-batch RO process without external
holding tank: (a) the filtration process, (b) the flushing process with continuous permeate
production.

The overall water recovery in semi-batch RO is defined in terms of the cumulative volume

of the raw-feed water input (Qo) and the cumulative volume of the permeate production (Qp)

given by:
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Q.
Q

Y = (2-27)

where Qo and QOp can be written in terms of the process time in each operating mode as shown
in Fig. 2-25 and expressed in terms of the filtration and flushing durations (¢#r and tr,

respectively) below:

Qr = Up er e + Up rL T

(2-28)
Qo =Uorr 'tFT +0oFL 'tFL

in which gp and go indicate the volumetric flow rate of the permeate and the raw-feed water

streams, respectively, and subscripts F7 and FL indicate the filtration and the flushing periods,

respectively.
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Fig. 2-25. Variation of the cumulative volume of raw-feed water (Qo), the permeate production
(Op), and the concentrate discharge (Qo, indicated with the shaded area between the Qo and
QOp curves) during SBRO filtration and the flushing periods. The water recovery in each
operating period is indicated on the secondary vertical axis.
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Assuming that there is no permeate production during the flushing period (i.e., gprz=0),

Qui et al. [29] reported the following simple analytical model for the theoretical minimum

specific energy consumption in SBRO in terms of the overall water recovery (Y),

Y
SEC, =7, {1+ m} (2-29)

The above model for SBRO predicts competitive SEC with multi-stage systems with interstage
booster pumps (Fig. 2-26). However, it is noted that the above model was developed based on
assumptions of negligible concentration polarization, complete salt rejection without

considering the energy consumption in the flushing period.
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Fig. 2-26. Comparison theoretical minimum specific energy cost (normalized by the raw-feed
osmotic pressure) in semi-batch RO and steady-state RO with ERD on 1, 2, and 3 stages system
platforms [29].
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Fig. 2-27. Schematic of the two modes SBRO operation with holding tank: (a) the filtration
process with total concentrate recycle, (b) the flushing process with raw feed water from the
holding tank, and (c) the concentrate discharge process from the holding tank (adapted from
[168]).

Schuetze et al., [165, 166] experimentally demonstrated the concept of SBRO operation
using a pilot-scale spiral wound SBRO system with an external holding tank to store
concentrate discharge during the flushing period (Fig. 2-27). The above study used NaCl feed
solution at various salinity levels (1000 — 5000 ppm) for high-recovery (68-91%) and
demonstrated that the energy efficiency of SBRO, comparable to conventional RO systems [11,
22, 130]. Schuetze et al. reported SEC of 0.59 kWh/m? for 88% overall water recovery for
desalting 2500 ppm NaCl solution. The above SEC is lower than the reported SEC of 0.80

kWh/m? for desalination of 2680 mg/L TDS brackish water at 88.2% recovery [158] for a

commercial SBRO system that consisted of a single stage with four membrane elements. The
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above study noted the practical limitation of SBRO associated with head loss at valves and
fittings (for mix, split, bending, contractions, and expansions) due to extensive concentrate
recycling. Efraty et al. [168] also used a pilot scale SBRO system with four parallel membrane
modules (of 4 element in each) and an holding tank (referred to as side conduit in [168], Fig.
2-27). The above study demonstrated desalination of 41,000 mg/L. TDS Mediterranean feed
water, and reported SEC of 1.9 — 2.3 kWh/m? for desalting at 48% recovery. The above reported
SEC is about 30% higher than the theoretical minimum SEC of 1.6 kWh/m? for seawater
desalination at recovery of 50% with 100% pumping efficiency [145], and is comparable to the

lowest reported SEC of 1.8 kWh/m? for conventional SSRO with an ERD (Fig. 2-16) [145].
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Fig. 2-28. Variation of the feed pressure during semi-batch RO operation from a pilot-scale RO
system for desalting brackish well water (at the Brackish Groundwater National Desalination
Research Facility in Alamogordo, New Mexico) of 5,900 ppm TDS, feed flow rate (¢r) of 0.6
gpm, and the permeate flux of 16 gfd (adapted from [165]) using brackish water spiral wound
membrane (Filmtec BW30-2540, Dow Corporation, Midland, Michigan).
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Fig. 2-29. Variation of (a) feed pressure and feed conductivity, and (b) permeate conductivity
with respect to time during SBRO operation for desalting brackish water pf 16,049 ppm TDS
with BW30 brackish water RO membrane in a plate-and-frame membrane cell for overall
water recovery at Y=35 — 40% (adapted from [49]).

However, it should be recognized that RO feed pressure increased with number of filtration-
flushing cycle count, which may lead to higher SEC. For example, Schuetze et al. [165, 166]
reported that the required RO feed pressure in the 2" filtration-flushing cycle increased about
25% relative to the that in the first cycle (Fig. 2-28). Another SBRO study [49] using bench
scale plate-and-frame membrane cells also reported about 5-10% increase of the required
applied feed pressure with consecutive filtration-to-flushing cycle, as well as rise in feed
conductivity, and permeate conductivity (Fig. 2-29). Therefore, the above study required
implementation of two consecutive concentrate flushing (i.e., flushing periods were extended
by a factor of 2) every five cycles in order to ensure adequate excess concentrate flushing. As

a consequence of the extended flushing period, larger volume of raw feed water (i.e., the

flushing media) was consumed, which adversely affects the overall water recovery of SBRO
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operation (Fig. 2-25). The above behavior is not surprising given the presence of salt dispersion
in the spiral wound RO membrane concentrate channel (i.e., feed channel), as evident in
multiple publications [44, 169, 170].

Previous investigations [29, 42, 43, 171] on the theoretical energy consumption assumed
SBRO operation under plug flow condition that neglects the impact of salt dispersion during
concentrate flushing. Given the complex structure of RO membrane channels [69] and various
hydraulic components in RO systems, it is critical to characterize residence time distribution
(RTD) [169, 170], and its impact on the SEC in multi-cycle SBRO operation. Accordingly, the
impact of salt dispersion on the specific energy consumption in SBRO processes is discussed
in-depth in Chapter 4.

The unique operating characteristic of unsteady-state SBRO process, whereby the system
refreshes the RO system with the fresh raw-feed water by implementing periodic flushing
process (Fig. 2-24b), has been claimed to retard or prevent mineral scaling. For example, it
was argued in [48] that surface mineral scaling can be prevented ensuring that the filtration
period is shorter than the crystallization induction time. It was further claimed that periodic
raw-feed water flushing can remove/dissolve any formed scale (provided that the feed water is
undersaturated with respect to the sparingly soluble mineral salts that are of concern). As a
result, the membrane surface would be reset to its clean condition, thereby decreasing the
propensity for mineral salt nucleation and growth. In such an approach, one may assume that
the flushing process can be initiated to rapidly recover the initial saturation level in the RO
system holding once the pre-determined scaling level is reached during the filtration period.
However, given that surface crystallization depends not only on the solution characteristics but

also on the type of substrate or surface [172], a complete reset of the membrane surface (free
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from mineral scaling) may be difficult to achieve with concentrate flushing in SBRO operation.
Accordingly, in Chapter 5, the impact of concentrate flushing in SBRO operation on mineral
scaling propensity, with gypsum as model scalant, was experimentally evaluated relative to
steady state RO operation with partial concentrate recycle (SSRO-PR). A summary of the

relevant prior work is provided in Table 2-3.

Table 2-3. Relevant prior work on high recovery RO desalination with concentrate recycling.

Authors Assertions, claims, contributions and shortcomings
Bratt Assertions/Claims:
1989 * RO desalination with concentrate recycle with external holding tank
US Patent enables continuous permeate productivity at high recovery.
4814086A
[156] Contributions:
= First introduction of SBRO system design with external holding tanks
(Fig. 2-23).
Shortcomings:

» Implementation of external holding tanks may require large system
footprint, and increase capital cost for installation.

Szucz & Assertions/Claims:

Szucs * The energy consumption in SBRO process is significantly less than
1991 conventional steady state RO desalination.

US Patent

679717381 | Contributions:

[173] * First introduction of periodic and sequential concentrate recycling

consisting of a water purification phase with total concentrate recycle
(Fig. 2-24a), and concentrate discharging phase without concentrate
recycle (Fig. 2-24b)

Shortcomings

= Proof of the concept was not provided.

= Depending on the operating mode, the membrane feed flow rate may
significantly vary, and thus affect the growth and thickness of the
concentration

46



Oklegas Assertions/Claims:
2004 = Energy recovery device can be ERD T
US Patent implemented into the RO process AQ;_S z_.
6797173Bl1 with high-pressure concentrate
[174] recycling to minimize irreversible * )
energy loss associated with %
concentrate pressure throttling v
Contributions:
= A process with concentrate recycling as means to recover hydraulic
energy from the brine flow.
Shortcomings:
= Suboptimal handling of irreversible energy loss at the concentrate
throttling valve (TV).
= Lacks prediction or experimental verification of the performance of the
proposed design concept
Efraty Assertions/Claims: Example)
etal. = SBRO with or without external holding |
(2009- tanks provides lower energy consumption g Permeate
2015) and reduced fouling/scaling relative to —~
[157, 175- conventional steady state processes.
182] Contributions:
= Detailed semi-batch processes under variable pressure with and without
external concentrate holding tanks [176, 182] (Fig. 2-23 and Fig. 2-24,
respectively).
= Demonstrated the CCD desalination approach using a commercial RO
systems with various types of source water [177, 179-181].
Shortcomings:
= The process without energy recovery device may lead to energy loss
during concentrate flushing phase.
=  SBRO SEC comparison was made against conventional SSRO systems
with ERD efficiency of 70-80%. The SEC in SSRO can be significantly
reduced with highly efficient ERDs.
= Arguments regarding energy saving or fouling reduction remain
questionable without definitive supporting data.
Schuetze, | Assertions/Claims:
Rainwater, | = Experimental data demonstrated the potential of small scale SBRO system
and Song to operate at SEC comparable to those published for conventional large-
(2014) scale steady state RO systems at recoveries greater than 75%.
[165, 166]

Contributions:

= The concept of SBRO with an external holding tank (similar to Fig. 2-27)
was demonstrated using a pilot scale system

= Systematic investigation to address practical challenges such as head loss
caused by extensive concentrate recycling at increased circulation flow.
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Shortcomings:

= Lacks quantitative analyses for predictions of energy consumption, and
validation based on experimental data.

= The experimental data suggests cycle-to-cycle increase in feed water
conductivity and pressure; however, the study lacked long term (i.e.,
multi-cycle) demonstration of the efficacy of SBRO operation.

Barello Assertions/Claims: Permeate

etal. = The large variation of feed pressure and Feed tank

(2015) feed salinity during SBRO operation

[183] significantly affects the water and salt |
permeability across the membrane. Concentrate

Contributions:

* Provided laboratory experiments and process modeling to evaluate
impacts of feed pressure and feed salinity on water and salt passage
across the membrane that may affect RO batch performance.

Shortcomings:

= No consideration of other RO characteristics such as SEC or membrane
fouling for optimization of RO desalting with total concentrate recycle.

Qiu Assertions/Claims:

et al. =  SBRO operation provides comparative SEC to that of the 3-stage system

(2012) with a recovery of 80%.

[29] = Costly ERDs and booster pumps can be avoided with SBRO, thereby
lowering installation, operation, and maintenance costs.

Contributions:

* Provided analytical models for the SEC of SBRO operation without an
external holding tank (Fig. 2-24).

» Comparative analysis between batch, semi-batch, and continuous RO
desalination to explore potential energy savings enabled by concentrate-
recycling

Shortcomings:

* Modeling was limited to SBRO process without permeate production
during the flushing period.

* Oversimplified the SBRO process ignoring the effects of concentration
polarization, salt rejection, energy recovery, solute dispersion, and
corresponding loss of flushing efficacy.

Zhu Assertions/Claims:

etal = SBRO requires higher SEC than a steady state single-stage RO process
(2012) with an ERD.

[63]

Contributions:

= (Chapter 9) Provided detailed SEC analysis and overall process cost for
RO with total concentrate recycling (Fig. 2-24a) considering system
down time for intermittent flushing

Shortcomings:
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= Operational benefits such as reduced concentration polarization effects
from increased cross flow velocity were ignored

= SEC analysis was limited to SBRO operation without permeate
production during the concentrate flushing phase.

= Impact of salt accumulation during cyclic SEBO operation was not
reflected in SEC modeling

Lin et al. Assertions/Claims:
(2015) = SBRO without external holding tank provides
[42] potential energy saving relative to single-stage RO @
= Membrane fouling and scaling can be reduced in
SBRO by increasing the crossflow to generate greater Q@‘
hydrodynamic shear

Contributions:

* Provided modeling study of SEC in SBRO (Fig. 2-24) in terms of overall
water recovery, and compared to conventional steady state RO processes in
single- and multi-stage configurations.

Shortcomings:

= SBRO analysis was limited to the filtration period with permeate production
at total concentrate recycling ignoring the impact of flushing efficacy on the
SEC and water recovery.

= Concentration polarization effect was not accounted.

= Did not provide experimental data to validate various claims.

Werber Assertions/Claims:

et al. = SBRO provides significant energy savings @
(2017) comparable to multi-stage RO processes with inter-

[43]

stage booster pump and ERDs. @—
Contributions: Q

* Provided energy analysis for SBRO process without
external holding tank (Fig. 2-24) considering process inefficiencies (i.g.,
frictional losses, concentration polarization).

* Provided numerical modeling of SEC for SBRO operation based on a fourth
order Runge-Kutta method.

Shortcomings:

* Did not account for the SEC during the flushing period.

* Analysis was limited to plug flow condition that allows complete
concentrate flushing within the system space time (termed “the characteristic
time of the system” in [43]).

* Did not provide experimental data
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Qiu et al.

Assertions/Claims:

(2011) » Salt dispersion in RO feed channel causes higher SEC, 3;'{2? \i,raetsehr
[44] relative to the ideal plug flow condition !’!
Contributions:
= Quantified the impact of solute dispersion on RO
concentrate salinity profile during the concentrate flushing % .
period based on Taylor's analysis. 52 ﬁ’
» Provided experimental data to validate the theoretical %EJ g o
model for salinity variation during the concentrate flushing
period in the presence of salt dispersion. |
Shortcomings:
= Discussed the impact of solute dispersion in RO concentrate channel using a
single membrane element system without a pump. Concentrate flushing was
conducted using gravity flow fed to the membrane module.
* Did not demonstrate the impact of salt dispersion on SEC or membrane
fouling/scaling in practical SBRO applications.
Warsinger | Assertions/Claims: Feed
etal. = SBRO provides enhanced inorganic tank -
(2018) fouling resistance relative to
[48] conventional steady-state RO processes. .
Contributions:
= Developed an analytical framework for assessing the onset of mineral
scaling during SBRO operation based on the comparison of the fluid
residence time and nucleation induction time for crystallization in
solution supersaturated with of sparingly soluble salts.
Shortcomings:
= Did not provide experimental data to validate the comparative analysis.
= (Claims regarding the crystallization induction time were based on
published data for nucleation in bulk solution, rather than for
crystallization on membrane surfaces.
Drak et al. | Assertions/Claims: Permeate
(2017) =  SBRO reduces membrane mineral scaling.
[163] Contributions: ‘
. Integratec‘l SBRO operation with a \rP:;LTO Concen‘trate
pallet/fluidized bed reactor to further \_S[:j
oll

improve resistance to mineral scaling.
= Used brine solution from an existing RO plant supersaturated with
calcium carbonate and silica to achieve >90% recovery.

Shortcomings:
= Integration of salt precipitation unit may increase capital cost and system
footprint.

= Did not show experimental data for conventional steady state RO
operation or SBRO operation without fluidized bed, to clearly examine
effects of SBRO operation for scaling mitigation
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Riley et al.
[49]

Assertions/Claims: Feed tank Plate-and-frame

* SBRO reduces minimal scaling and fdembrane cell
organic fouling relative to conventional
steady state RO.

Contributions: Concentrate

= Provided experimental data from long-term (over 900 filtration-flushing
cycles) SBRO evaluation using a bench scale plate-and-frame membrane
cell.

= Experimental data demonstrated decreased water permeability during the
filtration period due to reversible fouling, and recovery of the water
permeability loss following the concentrate flushing period.

Shortcomings:

= Model solution lacked major mineral scalants (e.g., calcium sulfate
dihydrate, calcium carbonate, or silica). Thus, the results were limited to
organic fouling from dissolved organic carbon, DOC (at 113 mg/L from
BTEX, n-alkanes, proteins, biopolymers, humic substances).

= (Claimed absence of fouling based on indirect fouling detection methods
(e.g., permeability monitoring), which may not provide adequate
sensitivity.
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Chapter 3 Steady State RO Desalination with Partial Concentrate

Recycling for Operational Flexibility

3.1 Overview

Efforts are increasing to diversify the water portfolio in various regions around the world
through upgrading of otherwise underutilized and impaired inland water sources. Given the
wide range of inland water quality and the geographical distribution of water resources, it is
critical for RO systems to have sufficient flexibility for desalination over a wide range of feed
water recovery and salinity. However, ensuring both operational flexibility and energy
efficiency is challenging in conventional configuration of RO systems that operate in the mode
of single pass feed flow through a membrane train. In such systems the allowable ranges of
feed and permeate flow rates are typically narrow in order to: (a) maximize the utilization of
membrane surface area, and (b) reduce the propensity of membrane element fouling and/or
mineral scaling. The above operational constraints impose limits on the attainable product
water recovery and thus the permeate productivity for a given membrane element array design.
Correspondingly, energy optimal operation of ERDs and pumps is also constrained to a narrow
flow rate range.

Partial concentrate recycling provides an additional degree of freedom with respect to
product water recovery in steady state RO operation (SSRO-PR), and can be integrated with
suitable energy recovery devices [32, 41]. In principle, optimal integration of ERD with RO
operation under the condition of partial recycle can provide the dual benefit of a single RO
desalination platform capable of operating over wide ranges of product recovery and salinity,

while also providing a degree of energy recovery. With implementation of an energy recovery
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device, SSRO-PR operation can be enabled using a relatively low-pressure pump, even for
seawater desalination. However, increasing recovery increases energy consumption; thus, there
is a tradeoff between the desired productivity and reduction in energy utilization. Accordingly,
this chapter presents an analysis framework and experimental data to assess SSRO-PR and to

demonstrate operational flexibility with respect to product water recovery.

3.2 Steady state RO with partial recycling (SSRO-PR) system operation with
energy recovery and concentrate recycle

3.2.1 SSRO-PR design and operation
The present study builds on the important realization that method of concentrate

recycling can only be effectively integrated in RO processes when the fluid regulation could

be decoupled from the main membrane process (Fig. 3-1).

Concentrate ~ Membrane

Recycle Unit Process Unit
Raw-feed —W—P Fluid regulating components Major process components

Example Example)
ple) — Feed — Membrane array
4 Concentrate =

Concentrate O—W— 4@* —o ¢ Permeate _’ﬂ:
discharge Valves  Recycling Hydraulic components:
Permeate — Mixing Splitting e Q

Fig 3-1. Schematic illustration of the concept of process system decomposition in flexible RO.
The membrane process unit (MPU) maintains constant (optimal) flow rate of feed, concentrate
and permeate streams, and per-pass water recovery (Ysp), while the concentrate-recycle unit
(CRU) provides control over the overall system water recovery (Y) by fluid regulation (in
source, concentrate discharge, and concentrate recycle streams). The MPU must integrate
hydraulic components for pressure-generation and energy recovery in addition to the
membrane array for water treatment.
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In the present approach of process decomposition, two key functional groups fluidly connected

on a single RO system platform:

(a) Membrane Process Unit (MPU) provides for liquid separation at constant flow rate for

optimal performance of system components

(b) Concentrate Recycle Unit (CRU) provides customized flow regulation to extend

operational flexibility

The steady state RO with partial concentrate recycling (SSRO-PR) configuration analyzed
in the present study is one that integrates an energy recovery device (ERD) with concentrate
recycle. SSRO-PR operation can be conceptually and operationally decomposed into two
separate but connected process units (Fig. 3-2) consisting of a membrane process unit (MPU)
and a concentrate recycle unit (CRU). The MPU components (membrane array, driving force
generation, and energy recovery) are integrated so that the RO element feed flow rate (gr),
concentrate flow rate (gc) exiting the membrane module, and thus product recovery in a single-
pass through the membrane array (Ysp=gpr/qr) can remain fixed at the optimal level, within
equipment design limits and optimal energy efficiency. The ERD in the MPU serves to recover
energy from the concentrate stream and whereby the recycled concentrate stream (gr) is
directed to the feed-side of the RO pump. The feed is pre-pressurized by the RO feed pump
(from a pressure Po to Prz) while the ERD recovers energy from the concentrate stream and
depressurizes the concentrate effluent from the membrane module from Pcy to Pc; in order to
intensify the pressure (i.e., from Pr; to Pry) of the MA feed to the level needed for achieving
the product flow rate set-point in the MA. In principle, suitable ERDs include (but are not
limited to) pressure exchangers or intensifiers (e.g., Clark Pump) [142]. The pressure

exchanger reduces energy utilization by splitting the feed flow whereby the majority of this
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flow is provided via the feed pump and the remainder is through the pressure exchanger;
however, the pressure generated by the feed pump must be the same as in the pressure
exchanger. In contrast, a pressure intensifier reduces energy utilization by reducing the required
feed pump outlet pressure. This is a major operational benefit as it allows the use of relatively
low-pressure pumps, even for desalting high salinity source water. It is noted, however, that in
practice, pressure intensifiers are mostly available for small systems, yet are simple with
respect to operational control, while pressure exchanger are usually more suitable for larger

systems.

Control volume

Concentrate /~ N
Discharge, | i (V) 5
b , C L
- Ao, & Flow | :.Concentrate Concentrate
regulator (_ ]« «
. PeL Peh, qc Ce
i Concentrate
recycle Feed | Membr
Raw-feed qr Cc| | b P ac > e
— — FL FH: YF, CF
Po, 90, Co Mixing point | | Energy Permeate
(MP): | Pump Recovery :
P Device (ERD) Ps qe Cp
| Concentrate | Membrane
recycle unit processing unit
CRU MPU
\_ (CRU) (MPU) Y,

Fig. 3-2. SSRO-PR configuration with an energy recovery device (ERD). The raw feed water
pressure is raised from P, to P by the feed pump and the ERD intensifies the pump outflow
stream pressure from Prz to Pry by utilizing the hydraulic pressure of the concentrate stream
from the membrane module. Note: ¢; and ¢; and P; are the flow rate, salt concentration and
pressure of the indicated stream i.

The concentrate-recycle unit (CRU), which provides feed (gr) to and receives concentrate
(gc) from the MPU (Fig. 3-2) via the ERD, controls the overall system product recovery (¥ =

qr/qo) by regulating the system inlet flow of raw feed (go) and system outlet flow of the

concentrate discharge (¢gp). This arrangement avoids the need for a recirculation pump (i.e., for
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the concentrate) while enabling the use of relatively low-pressure RO module feed pump. In
the CRU, the system outlet waste flow (¢p) is taken from a portion of the MPU concentrate
(gc). The remaining portion is the concentrate recycle stream (gr) is mixed in the CRU with
the system inlet raw feed stream (go) to generate the membrane array feed stream (gr). By
regulating the recycled concentrate flow rate (gr) and keeping the MPU feed flow rate fixed
(i.e., gF=qo +qr), the incoming raw feed flow rate (qo); thus, the overall system product
recovery (Y= gpr/qo) can be varied in a flexible manner without the need to change the flow
rates of the streams in the MPU (Fig. 3-2).

Based on a material balance about the mixing point (MP on Fig. 3-2), the variation of the
concentrate recycle flow rate (gr), with respect to the overall and the single pass water
recoveries (Y and Ysp, respectively), can be written as:

. 1 1
=gy ()
Y, Y

where ¢r" indicate the concentrate recycle flow rate normalized by the permeate water flow

rate (qr = qr /qp). It is noted that the normalized RO element feed (q. =g / d, =1/Yg ) and

the normalized raw-feed (g, = 0, / g, =1/Y ) water flows are simply reciprocals of the single-

pass and the overall water recoveries, respectively. The overall water recovery (Y) can be

written, making use of Eq. (3-2), in terms of the recycle ratio, R (defined as R = q, / g, , where

qr and qo, and the raw feed stream flow rates, respectively) as follows:
Y =Yg - (1+R) (3-2)

Given the above, the direct RO membrane processing unit inlet feed, concentrate and recycle
streams flow rates, with respect to the overall water recovery (Y), depend on the membrane

train single single-pass recovery (Ysp) and concentrate recycle ratio. The overall system
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recovery (Y), which is governed by the single-pass recovery and the concentrate recycle ratio

(Eq. (3-2)), is constrained byYs, <Y <1 and 0<R<(1-Yg)/Ys . As an illustration, the

FLERO operation is maintained at constant permeate and RO module feed flow rates by
adjustments of the concentrate recycle ratio and raw-feed flow rate as described in Section 0

for the present experimental system (Section 3.3.2).

3.2.2 SSRO-PR energy utilization

The specific energy consumption (SEC) for desalination is determined from [132, 136],
W,
7:0p

SEC =

(3-3)

in which gp is the permeate flow rate, and W, is the required pressure work to achieve the

prescribed desalination working pressure [136],
Wp = AP, (QF —erlc ) 3-4)

AP, =P, — P, where Prand P, are the pressures of the feed entering the membrane array and

of the raw feed water, respectively, and gr and gc are the volumetric flow rates of the RO
membrane feed and the concentrate exiting the membrane module, respectively. Thus,
combining Egs. (3-3) and (3-4) leads to the following expression for SEC for RO desalting:

(1_ Ter (l_YSP ))
e Ysp

SEC =

AP, (3-5)

where Ysp is the single-pass water recovery (Ysp =gp/qr). Assuming that the pressure of the
depressurized permeate and the raw feed are essentially identical (i.e., P, ~ P,), the

thermodynamic crossflow restriction applies for a single pass RO train, 1i.e.,
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1-Yg (1-Ry)

AP, >
= 1-Rs Y =Yg (1-R)

exit

—7,) = 7, (Section 3.2.3) where 7o is the raw feed stream

osmotic pressure, and R; is the observed membrane salt rejection (.e., Ry =/-Cp/Cr in which Cp
and Cr are the permeate and feed streams salt concentrations, respectively). The above
thermodynamic restriction refers to minimum SEC, at a given recovery, whereby permeate
productivity occurs along the entire RO element train up to the exit point of the tail element
where the permeation driving force [184].

Given that the salt concentration is highest at the membrane exit, the transmembrane

pressure (AP) must be greater than the transmembrane osmotic pressure at the membrane exit
(AP 2 A7 ) in order to maintain positive permeate flux over the length of the membrane train

with the flux diminishing to zero only at the exit point from the membrane array (i.e., hence
the condition of J, > (). Therefore, given the classical expression for the permeate flux [61,
132] (Eq. (2-1)), the transmembrane pressure at the exit of the RO tail element (APexir) can be

expressed as

AP

exit

=(J,/L, +Az) (3-6)

exit

The transmembrane pressure at the membrane exit can be expressed as AP,

exit

= AI:)f _(5 p)loss
where APris the transmembrane pressure at the RO element inlet and (sp),,.. 1s the hydraulic

pressure loss (i.e., P =P, +(0P), ). Using Eq. (3-6), APr can then be expressed as

AP, =3, 00 I L, + (7,

o exit _”p,exit)+(5 P)s Where J\,’exit is the permeate flux and 7 .

v, exit
T, exit ar€ the osmotic pressures at the membrane surface and in the permeate, respectively, all
at the exit location from the last membrane element.

The osmotic pressure at the membrane surface ( 7, ,; ) can be estimated based on the salt
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concentration at the membrane surface given the level of concentration polarization modulus
(i.e., CP=C,/Cpwhere C,, and C; are the solute concentrations at the membrane surface and

the bulk solution, respectively) for the specific type of membrane element (Section 3.3.3).

=CP.r

Therefore, one can estimate 7 it

i exit where 7, is the osmotic pressure based on the
mixed-cup average concentration of the concentrate stream exiting the RO membrane train.
The osmotic pressure can be reasonably taken to be a linear function of salt concentration [61]
which is a reasonable approximation for dilute NaCl solution up to ~ 320,000 g/L TDS [185].
Also, for the case of a saline water source composed of single salt (as in the present study) or
one dominated by a given salt, it is reasonable to consider CP for the major salt to be a
representative average across species. Given the above, the applied feed pressure, APy can be

CXpress as

Apf = ‘Jv,exit /LD +CP- Teit —7Tp + (5 p)loss -7

Since that CP =1 and the approximation that 7, >> 7, , which is reasonable for high rejection

Xit

RO desalination, upon substitution for 7., (based on a mass balance on the RO system,

Section 3.2.3), Eq. (3-7) can be written as:

‘]vexit 1
AP, = 2% L CP.
L, 1-Ry-Y =Yg (1-Rg

) 7o + (5 p)loss (3'8)

and the specific energy consumption (Eq. (3-5)) for FLERO operation (SECrLero) can be

expressed in a dimensionless form as follows,

(SEC™ )

_ SECFLERO — (1_77ER (l_YSP))[ "]v,exit + CP '(1_YSP (1_ RS )) + (é‘ p)loss (3_9)

FLeRo. 7o MpYep Ly-mo 1-Rg-Y =Yg (1_ R ) 7o

For operation up to the thermodynamic restriction, as one approaches the exit from the

membrane element (or membrane train), the net driving force for permeation diminishes and
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so does the permeate flux [186] and thus CP — 1. Therefore, at the membrane channel exit

region the bulk and membrane surface salt concentrations are identical; thus, the SEC (Eq.

(3-9)) approaches the theoretical minimum (i.e., for the condition of APy = A7, ) given by:

*

(SECr,

SP

) _ (1_77ER (1_YSP )) 1_Y5P (1_ RS ) + (5 p)loss (3-10)
FLERO 7., 1-Ry-Y =Yg (1-Ry) 7o

It is noted that for a conventional single-pass RO operation the dimensionless SEC (i.e.,

SEC"spro) is readily obtained from Eq. (3-9) by setting Y=Ysp leading to

SEC oo (1_77ER (1_Y))( ‘Jv,exit L CP. 1-Y (1_ RS) n (S P)ioss ] (3-11)

(SEC )SPRO - - Y L - 1-Y
7% e p o 7o

which for operation up to the thermodynamic restriction (i.e., CP=1) reduces to

) :(1_77ER (1—Y))[1—Y(1_Rs)+(5p)|oss] (3—12)
SPRO 7.Y 1-Y o

*

(SECr

3.2.3 Salt material balance in FLERO operation
A steady-state salt balances around the overall FLERO system (Fig. 3-2) and RO membrane
module are given by the following expressions:
06Co —UpCc —0:C =0 (3-13)
9:-Cr —q.C. —0,C;, =0 (3-14)
in which ¢ and C are the volumetric flow rate and salt concentration of the various streams
designated by subscripts O, C, P, and F' that indicate the raw-feed, RO concentrate, permeate,
and RO membrane module feed streams, respectively. Given the definitions for a single-pass
water recovery for a single element or membrane train (Ysp= gp/qr) and observed salt rejection
(Rs=1-Cp/CF), Eq. (3-14) can be re-written as:
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]/(1— Rs)—(1-Ys )Cc/Cp =Yg =0 (3-15)
Similarly, Eq. (3-13) can be expressed in terms of the overall system water recovery (Y) and

Yspas:
CO/CP —(1—Y)CC/CP -Y =0 (3-16)

Given that the osmotic pressure () of the different streams can be reasonably approximated to
vary linearly with salt concentration [61]; Equations (3-15) and (3-16) can be combined to
obtain the osmotic pressure (7) of the concentrate (brine) stream exiting the RO membrane

module in terms of the overall (¥) and single-pass recovery (Ysp):

M:C_c: 1-Yep (1_ RS) (3-17)
o B Co 1-Ry-Y-Yg, (1— Rs)

3.3 Experimental

3.3.1 Materials and solutions

Laboratory desalting experiments were carried out using aqueous saline solutions prepared
by dissolving reagent-grade sodium chloride (Fisher Scientific Pittsburgh, PA) in deionized
(DI) water. For the present study, a single spiral wound brackish water RO membrane element
(2.5" x 40" FilmTec XLE-2540, Dow, Midland, M1 Dow) was utilized that provided active
membrane surface area of 2.6 m?, average water permeability of 4.6 L/m>-h-bar (measured at
operating pressure of 10 bar) and 99% salt rejection based on 500 ppm NaCl solution at 25 °C
and 6.9 bar [187]. The feed solution in a 200 L polyethylene tank was continuously stirred by
a mechanical mixer and maintained at 20+£1°C using a recirculating chiller (VWR Scientific
1171-P, Radnor, PA). Prior to RO being fed to the RO unit, the saline feed solution was filtered
through a sequence of three cartridge microfilters of sizes 20 um, 5 um (pleated 2-1/2”x107,
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Ocean Link Inc., Portsmouth, RI), and 0.2 um (Polysulfone Plastic, Harmsco, North Palm

Beach, Florida).

3.3.2 Pilot spiral-wound RO system for SSRO-PR operation

Steady-state RO operation with partial concentrate recycling (SSRO-PR) was investigated
using a small pilot-scale system (described in Appendix A) with the experimental layout
described in Fig. 3-3. Briefly, the system is equipped with a single spiral wound RO element
of size 2.5-inch (diameter) x 40-inch (length) in a pressure vessel rated up to 70 bars. The
manufacturer recommended conditions for element operation was specified as inlet flow rate
range of 0 — 1.4 m*/h (equivalent to crossflow velocity range of 0 — 0.57 m/s) and permeate

flux range of 0 — 1.2 x10* L/m%/d (30 gfd).

Membrane | S2

|"S4|| |

ERD S3a F3 il
S5 @ M1

ST S6 S8
V3 S9

V4

Fig. 3-3. Schematic diagram of the SSRO-PR system showing the location and arrangement of
actuated valves, membrane module, energy recovery device (ERD), and pumps. Steams S1 and
S2 are the raw feed streams before and after filtration pretreatment, respectively, and S3 and
S4 represent the RO element feed and concentrate streams, respectively. Streams S6 and S7 are
those of the concentrate recycle and discharge, respectively, and S8 and S9 are the recycled
and discharged portions of the total concentrate stream, S6, respectively, during SSRO-PR
operation
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The RO system permeate production capacity was up to 1.5 m>/d (400 gal/day) for brackish
water of 5000 mg/L TDS salinity operating at up to 90% recovery or 1.4 m3/d (360 gal/day)
for seawater (35,000 mg/L TDS) desalination. For the current membrane (XLE-2540) the
single-pass water recovery was kept in the range of 9.3+0.3 %. The electrical conductivities in
the raw feed, membrane element feed, RO concentrate, and permeate streams were monitored
in order to determine TDS in each stream from EC-TDS correlation obtained from a multi-

electrolyte thermodynamic stream simulator [188] (Appendix A.2).

3.3.3 Concentration polarization

In order to determine the osmotic pressure at the RO element exit location, the
concentration at the membrane was estimated using a suitable expression for the concentration
polarization modulus (CP). The recommended expression for CP for spiral-wound elements

(Table 3.9 in [187]) which is valid for the membrane element used in the present work [148]

was CP, =(C, /C,). =exp(0.7Y;), in which subscript i denotes element i, C,» and Cj denote
the bulk and membrane surface salinities, respectively, and Y; is the element i recovery. It noted
that when elements are connected in series there is significant mixing at the interspace between

elements and thus the individual element CP is governed by its single-pass recovery. Moreover,

the single-pass recovery for an element is constrained (typically in the range of ~10-20% [187]).

Given the above CP expression, the element average CP is given by CP= [II/YSP ]- I:SP CPdY =

1.43(exp(0.7Yg ) —1) /Y, .
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3.3.4 SSRO-PR desalination experiments

Desalination tests were carried out to demonstrate wide range of overall water recovery
from the process between Y=~9.3 and 88% by adjusting the recycle ratio, R (Eq. (3-2)), in the
range of 0 —9. In all cases, the system permeate flux and the feed flow rate to the RO element
were maintained constant at 560 + 25 L/m2-d (13.9 + 1 gfd) and 0.66+0.3 m>/h (2.9 + 0.1 gpm)
respectively, which were within the range of operating conditions recommended for the RO
element used in the current study. The observed salt rejection, Rs, over the range of feed water
salinity and system recovery for XLE2540 element was 9741%. Prior to the start of each test,
the spiral wound system was conditioned for 30 min by operating the system without
concentrate recycling by (i.e., R=0 and Y=Ysp), using the feed solution at a permeate flow rate
of 1.0 L/min at applied pressure of 10 bars. Subsequently, the concentrate recycle flow rate (qr)
was increased to achieve the target overall water recovery (V). All tests were carried out in a
total recycle mode (i.e., permeate and retentate streams were continuously recycled to the
stirred feed reservoir, Fig. 3-3) in order to maintain constant raw-feed water composition
throughout the experiments.

The RO desalting experiments were carried out for the conditions listed Table 3-1 for a
saline NaCl feed solutions in the concentration range of ~ 860 — 37,000 mg/L TDS. The
permeate flux for the various tests was in the range of 514-585 L/m*-d and the crossflow
velocity in the membrane element was maintained at 0.23 m/s. This crossflow velocity was
within the typical range (0 — 0.57 m/s,[187]) for desalting with spiral-wound RO elements. It
is also noted that the RO module feed and exit pressures were monitored and the pressure loss

was in the range of (op),. / P, =0.01—-0.08).
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Table 3-1. SSRO-PR desalination experimental conditions

Transmembrane
Pressure,

Test c, Water J, Rec.ycle P Pry—Pp  Pcy—Pp Ce Cp

eom) e e SO ey a0 G ppm) ppm)
1.1 9.3 569 0.0 3.2 5.7 53 998 36
1.2 39.5 572 33 3.4 6.2 5.7 1477 44
1.3 448 583 3.7 3.4 6.4 6.1 1509 40
1.4 55.9% 580 5.0 3.5 6.6 6.2 1904 53
1.5 57.3 585 5.0 34 6.7 6.4 1918 49
1.6 860 63.2 576 5.8 3.5 7.2 6.8 2516 68
1.7 69.9 582 6.3 3.5 7.3 6.9 2650 64
1.8 78.1 580 7.3 3.6 8.2 7.9 3622 87
1.9 81.3 583 7.5 3.6 8.3 8.0 4076 %
11 86.2 >T7 8.1 38 o4 9.1 5612 133
21 9.6% 565 0.0 3.5 9.9 9.6 5576 128
23 459 584 3.8 3.9 11.9 11.5 7779 169
24 4900 62.9 579 5.6 4.3 15.2 14.9 12080 261
25 77.8 576 7.2 4.8 21.2 20.9 18886 413
26 87.6 562 8.9 5.9 29.2 29.1 29208 717
31 9.5 514 0.0 42 14.9 14.2 11585 231
32 445 579 3.7 4.8 19.2 18.4 16938 353
33 57.0 571 5.3 5.5 23.3 22.5 22122 474

11,000
34 61.1 563 5.7 5.6 245 23.7 23604 496
35 66.1 533 6.1 5.8 27.2 26.5 27071 609
36 71.0 534 6.9 6.2 30.0 29.2 30498 683
4.1 9.0 544 0.0 53 24.3 23.5 23379 492

22,000
4.2 42.4 524 3.8 6.5 31.9 31.2 33016 759
5.1 37,000 9.0 526 0.0 7.2 37.0 36.3 39419 947

Note: all experimental runs were carried out at the crossflow velocity of 23 cm/s and the RO
element feed flow rate, gr = 0.66 m*/h
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3.4 Results and Discussion

3.4.1 Flexibility of SSRO-PR operation

In the spiral wound RO system (Fig. 3-2), the overall system product recovery (Y=gr/qo)
is controlled by the recycle ratio (R=gr/qo=Y/Ysp —1, where Y>Ysp) through independently
adjusting the raw feed and recycle flow rates to within the system physical limitations. A higher
system recovery can be attained by operating at an increased recycle ratio. It is noted, however,
that the single pass recovery can be maintained constant by adjusting the required feed pressure
up to the limit imposed by the system feed pump. In principle, one could utilize a high recycle
flow rate (qr) to reduce concentration polarization and hence reduce the feed pressure
requirement for the desired flux (Section 2-2). An illustration of the above behavior is provided
in Fig. 3-4, generated using the pilot SSRO-PR system, over a wide range of raw feed water

salinity 860 — 37,000 mg/L NaCl) for which the single pass recovery was set at ~9.3%.

14 1.2

12 r 1 10
Membrane feed (g) L-_#_.1_'._._.—_
10 | s--
Concentrate recycle (gg

Normalized flow rates (q/gp)
Overall water recovery, Y (g5/q,)

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Recycle ratio, R
Fig. 3-4. Variation of the volumetric flow rates normalized with respect to the permeate flow
rate (gp) for a RO unit with a single spiral-wound element for operation with a constant Ysp of
9.3%. The data for the RO unit were generated, for feed solutions of salinity in the range of
860 — 37,000 ppm, by varying the raw-feed and concentrate recycle flow rates to maintain a
constant membrane element feed and permeate flow rates.
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The operational scenario for the SSRO-PR unit is such that a constant permeate production
can be achieved over a wider range of overall system recovery. In this operation the membrane
element inlet feed flow rate (and thus RO retentate crossflow velocity) is maintained constant.
Here we note that with the present membrane element quality permeate was produced, from
source water of wide-salinity range, that is suitable for potable and non-potable applications.
Permeate salinity in some cases was in exceedance of the recommended standard (i.e., 500 -
600 mg/L TDS). However, it is emphasized that for high permeate quality (for drinking water

production) can be achieved by utilizing a membrane of higher salt rejection.
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FLERO w/ Conventional
3 Ygp=10% single-pass RO (SPRO)
< 6 6 I w/ energy recovery
3) device
w
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Overall water recovery, Y Overall water recovery, Y

Fig. 3-5. Variation of specific energy consumption (SEC), normalized with respect to the
osmotic pressure of the raw feed solution (7o), for operation up to the thermodynamic
restriction and ideal membrane (i.e., 100% salt rejection), with respect to overall water recovery
(Y) and ERD efficiency (7zer) for: (a) SSRO-PR with single-pass water recovery of Ysp=10%
(recycle ratio varied with overall recovery as per Eq. (3-2), and (b) conventional single-pass
RO (SPRO) with an ERD (Eq. 3-12).

A comparison of the specific energy consumption for a SSRO-PR (Fig. 3-5a) and

conventional single-pass RO (SPRO, Fig. 3-5b) systems, for operation up to the crossflow

thermodynamic  restriction and assuming negligible element pressure losses
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( (OP)iyss / Ty <<1), is shown in Fig. 3-5 in terms of the normalized SEC (i.e.,

SECrz =SECix/7,; (5P) / 7o <<1). This illustration is for the case of an ideal pump (i.c.,

np=1), membrane of 100% salt rejection and where the example SSRO-PR system has a
maximum single pass recovery (i.e., without concentrate recycle) of 10% as in the present
single-element test system. For the scenario of an ideal ERD (i.e., 7zr=1), the energy footprint
for SSRO-PR and SPRO are identical and at the lowest achievable level. However, for an ERD
of less than 100% efficiency (ner < 1), SSRO-PR requires a higher SEC, for a given water
recovery, relative to SPRO. The lowest SEC of SSRO-PR operation (Fig. 3-5a) is always at
the point at which the system operates such that the overall recovery is at its single pass

recovery (Y=Ysp).

6.0
S (a) Ye=10% (b) Y5=50%
% 50F
@
= Y=90%
8 40 r X 75%
9 50%
= 30} -
S 10% Y=90%
| 75%
w207 I 50%
8]
Ll 1.0 X
2

0'0 1 1 1 1 L L L L

0.5 0.6 0.7 0.8 0.9 1005 0.6 0.7 0.8 0.9 1.0
ERD Efficiency, ngg ERD Efficiency, ngg

Fig. 3-6. Comparison of the SEC of SSRO-PR with single pass RO (SPRO, i.e., without
concentrate recycle) for operation up to at the crossflow thermodynamic restriction (Section
2.2 for ideal membranes (i.e., 100% salt rejection) and for the case of as in Fig. 3, with respect
to ERD efficiency for different levels of overall product water recovery (Y). The single pass
recovery was set as (a) 10% and (b) 50%.
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The effect of single-pass recovery on the SEC in SSRO-PR, relative to SPRO, for operation
up to the thermodynamic crossflow restriction is shown in Fig. 3-6. It is apparent from
comparison of SPRO with SSRO-PR systems capable of 10% (Fig. 3-6a) relative to 50% (Fig
3-6b) single-pass recovery, that the SPRO advantage in terms of energy efficiency is reduced
with increased ERD efficiency and as the SSRO-PR single pass recovery approaches (i.e., with
increased number of membrane elements in the system) the overall recovery achieved with the
SPRO system. The above suggests that it is preferable to utilize high efficiency ERD in a
SSRO-PR system if reduction of energy utilization is critical relative to operational flexibility
(i.e., with respect to overall recovery). Although SSRO-PR operation requires higher SEC
relative to SPRO, the former has the advantage of a single system that is able to operate over a
wide range of overall product water recovery without the need for adding elements as would

be the case for SPRO system.

45 , , 8
. Maximum operating pressure
o 40 =7 o
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Overall water recovery, Y RO Module Inlet Pressure, Pg, (bar)

Fig. 3-7. (a) Variation of the RO module feed pressure (Pry) with respect to overall water
recovery (Y) for desalination of raw-feed water at various salinities (Cp) at a constant
membrane feed (¢r) and permeate (gp) flow rates of 10.9 L/min and 1.0 L/min, respectively,
for a SSRO-PR system utilizing a single 2.5-inch RO element (single-pass recovery of
9.3+0.3%) and observed salt rejection of 97+1%. (b) RO feed pump outlet pressure required to
achieve the RO module feed pressure for attaining the overall recoveries at the pressures
indicated in Fig. 3-7(a).
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Membrane Process Unit (MPU)
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Fig. 3-8. Variation of the hydraulic pressure in each fluid stream involved in SSRO-PR system
described in described in Fig. 3-3 with the membrane process unit (MPU) indicated with the
shaded area (for treatment of 11,000 ppm NaCl source water at the target water recovery (Y)
of 45% in test run#3.2, Table 3-1).

The present approach allows minimization irreversible energy dissipation by isolating the
fluid regulations in CRU at low pressure to mitigate the impact of concentrate throttling and
mixing. Fig. 3-8 illustrates the variation of the hydraulic pressure as fluid particles travel along
the pipeline of the RO system. From the viewpoint of system operation, it is important to
consider the required RO module inlet pressure (i.e., Pry) which is plotted in Fig. 3-7a for the
various desalting tests conducted with the present experimental SSRO-PR test system. The
manufacturer specified upper operational limit for the RO element was 41 bar (600 psi) [187],
and thus desalting of seawater was feasible (required ~ 37 bar) at the single pass recovery level
of 9.0%. Desalting of solutions up to the level of seawater salinity was feasible. Given the use
of an ERD, as a pressure intensifier in the RO system, the required feed pump outlet pressure

was significantly lower than the RO module operating pressure (Fig. 3-7b). However, one
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should recognize that the upper limit of achievable recovery will be dictated by the upper
pressure constraint on the membrane element, maximum attainable feed pump outlet pressure
and any physical pressure constraints on other system components (e.g., pipe fittings, high-

pressure pump, etc.).
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Fig. 3-9. RO element specific energy consumption as experimentally determined (based on
element feed pressure and normalized with respect to the raw-feed water osmotic pressure)
compared with theoretical predictions (Eq. 3-9) as a function of overall water recovery (Y)
for a range of raw-feed water salinities (Table 3-1). (Note: the SEC in units of kwWh/m?® can

obtained from SEC =A-SEC'z,- where the osmotic pressure zo is given in bar and
A=0.0278 is a proportionality constant).

RO systems are typically not designed with the objective of being operated at the minimum
SEC, primarily due to various practical constraints associated with system capital cost,
footprint and operational considerations, and capital cost considerations. At the same
productivity, a SSRO-PR operation would require a smaller number of membranes relative to
single-pass RO. Although the element SEC approached the thermodynamic limit with
increased source water salinity (Fig. 6), operation up to the thermodynamic restriction was not

feasible with the present test RO system given the use of a single element (Fig. 3-9). The
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SSRO-PR element SEC was thus higher than the theoretical minimum (Eq. 3-10) but the
experimental data closely matched the SEC predictions (Eq. 3-9) over the range of recoveries
and feed water salinities. As in any practical system, the overall system energy consumption

would clearly depend on the pump and ERD efficiencies.

3.4.2 Alternate SSRO-PR Configurations

Although the analysis presented in the present study focused on a specific SSRO-PR
configuration (Fig. 3-2), it is important to recognize that some energy recovery devices such
as pressure exchangers [142] can only operate in parallel with the main feed pump (P1) as
depicted in Fig. 3-10. In this case, a booster pump (P2) downstream of the feed-side ERS is
needed. Both ERD-P2 and P1 must provide the same level of feed pressurization (i.e., Prxs-

Prr1= Pru>-Prr3= Prri-Prr2) for achieving the product flow set-point in the membrane array

(MA).
Concentrate Recycle Membrane Process
Unit (CRU) Unit (MPU)
SRl ero
.- <

Fig. 3-10. A SSRO-PR configuration with a membrane array (MA) and an energy recovery
device (ERD) installed in parallel with the feed pump (P1) and requiring a booster pump (P2).
The recycled concentrate flow is adjusted with a flow regulator (FR). (Notation: O-raw feed,
C-concentrate, P-permeate, D-discharge, R-recycled concentrate, FL/-combined raw feed (O)
and recycle (R) streams, FL2-inlet flow to pump P1, FL3-split flow from FLI to ERD, FL4-
feed from ERD to pump P2, FHI and FH2 - pumps P1 and P2 outflows, respectively, and FH3-
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membrane feed into MA.

It is also possible to configure a SSRO-PR system operation with multiple membrane arrays
arranged with multiple pressurization stages, which can reduce the specific energy
consumption. For example, as shown in Fig. 3-11, a two-stage SSRO-PR system can utilize a
feed pump to generate the required pressure for the 1%-stage MA. An ERD device is then
utilized as an intermediate stage pressure booster to generate the pressure required for the 2"-
stage MA by recovering energy from its concentrate. In the SSRO-PR configurations shown in
Figs. 3-10 and 3-11, the concentrate recycle units (CRUs) are identical whereby a single flow
regulator (FR) is utilized to control the flow rate of the brine (concentrate) discharge stream,
thus providing an indirect control of the concentrate recycle stream. In the above examples, an
optional backflow preventer maybe beneficial in the concentrate recycle stream. Alternatively,
one can utilize an adjustable three-way directional valve at the MPU concentrate splitting point

(i.e., between “R” and “D”; Fig. 3-10) or use any other suitable flow regulation method.

Concentrate Recycle Membrane Process
Unit (CRU) Unit (MPU)

R c1[] FHzmm

Fig. 3-11. An example of a RO configuration with an energy recovery device (ERD) installed
as an interstage pressure booster between membrane stages 1 (MA1) and 2 (MA2). A flow
regulator (FR) regulates the fraction of the concentrate that is recycled to the feed (R). Streams:
O-raw feed, R-recycled concentrate, F- combined raw feed (O) and concentrate recycle (R), D-
brine discharge, FHI — pump 1 outlet flow as feed into MA1, FH2 — ERD outlet of MA1

73



Concentrate (C1) as feed to MA2, C2 - concentrate from MA2, C- MA2 concentrate after ERD,
Pl - permeate from MA1, P2 - permeate from MA2, and P — combined MA1 and MA2
permeate

Finally, it is noted that operation flexibility can also be attained in semi-batch and batch
RO configurations. Batch RO can be used to desalt a given reservoir volume (placed in the
recycle stream) by operating with total concentrate recycle without continuous raw water input
nor concentrate discharge [29]. Semi-batch RO (SBRO) operation would be with continuous
raw water input but with unsteady-state dissolved salt accumulation in the system due to either
total or high recycle ratio (R>>0). Both batch and semi-batch operation, however, require
system flushing with low salinity feed in order to reset the system to its starting operating
condition (i.e., initial salinity level equivalent to the raw feed water). The period of reset and
loss of productivity would impact the average flux, the overall recovery attained and thus the
specific energy consumption. Although unsteady state semi-batch approach of RO desalting
has been reported [29, 147, 183, 189], there is potential for improvement through optimal a

pressure intensifier ERD integration in such systems.

3.5 Summary

Desalination operation in which a RO system is configured with a pressure intensifier and
operated in a partial recycle mode was investigated. Theoretical analysis and experiments with
a small-scale spiral wound RO system demonstrated steady state RO with partial concentrate
recycling (SSRO-PR) operation over wide ranges of permeate recovery and salinity and with
fluid flow regulation. The system operation is essentially decomposed into a membrane process
unit (MPU) and a concentrate recycling unit (CRU) outside of the MPU at low pressure, which

avoids undesirable energy loss from hydraulic stream mixing or throttling. The specific energy
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consumption for the SSRO-PR configuration is admittedly higher than that of conventional
single pass RO with energy recovery. However, SSRO-PR provides greater flexibility, with
respect to product water recovery, with a single platform, while enabling desalting using a
relatively low-pressure RO feed pump. A SSRO-PR configuration would be ideal for small-
scale applications. Its large-scale application would depend on the ability to adapt the use of
pressure intensifiers or other types of energy recovery devices of sufficient efficiency for large
desalination capacity. While the current results suggest the benefit of operational flexibility,
SSRO-PR field evaluations are warranted that will also consider potential fouling and scaling
relative to single-pass RO in order to establish the full-range of long-term benefits of the

approach.
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Chapter 4 Multi-Cycle Operation of Semi-Batch Reverse Osmosis
(SBRO) Desalination

4.1 Overview

Semi-batch reverse osmosis (SBRO) is an unsteady-state cyclic process consisting of a
filtration period followed by a short flushing period. In the filtration period the RO concentrate
stream is fully recycled to the RO feed, mixed with the raw-feed water and fed to the membrane
module. In this operational mode, the raw feed and permeate flow rates are equal and thus the
system operates at 100% recovery. During filtration, salt concentration increases in the RO unit
holdup volume (i.e., in both the RO elements and hydraulic components). As a consequence,
the applied feed pressure must be gradually raised to maintain the prescribed constant permeate
production. Once the target production capacity is reached, or when the applied pressure
reaches the imposed constraint (e.g., system maximum pressure rating), the excess concentrate
salinity buildup in the system is flushed (without recycle) with the raw feed water and a new
filtration cycle is subsequently initiated. In SBRO, the raw feed water volume required for
flushing/concentrate discharge from the RO system is a critical parameter that affects water
recovery, osmotic pressure buildup (during the filtration period), and thus specific energy
consumption.

In this chapter, SBRO operation was investigated, via process modeling and using a small-
scale SBRO pilot, to evaluate the impact of concentrate flushing efficacy. Process model
analysis and experimental data, considering progressive SBRO cycles of filtration and
concentrate flushing, illustrated progressive cycle-to-cycle concentrate salinity rise due to
incomplete (concentrate) flushing and a corresponding SEC increase. In all cases, however, a
stable cycle-to-cycle operation was ultimately achieved. Flushing duration that was longer than
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the RO system convective residence time improved flushing of the excess concentrate salinity.
However, for a given recovery, longer flushing required longer filtration. Analysis is also
presented comparing the SEC for an ideal SBRO (i.e., complete flushing of excess concentrate
salinity) relative to a single-pass RO (SPRO), and to actual SBRO system operation. It is then
shown that quantitative assessment of concentrate flushing efficacy via concentrate salinity

monitoring is critical for assessment of SBRO effectiveness.

4.2 Analysis

4.2.1 Water recovery in semi-batch RO (SBRO)

The semi-batch RO (SBRO) configuration considered in the present study is shown in Fig.
4-1. In this SBRO system, permeate water is produced (at a flow rate gp) during a desalination
period (hereinafter termed “filtration” period) with total concentrate recycle. The concentrate
flow rate is g. =((1-Ysp)/Ysp-qp) and the single-stage RO recovery level is Ysp= gr/qr, where gr
is the feed flow rate into the lead RO element. During the filtration period, permeate water is
produced at a flow rate that is equal to the raw feed flow rate ¢,; hence, the system operates at
total concentrate recycle and 100% overall product water recovery (Y). Operation at total
recycle during the filtration period leads to progressive increase of concentrate salinity in the
RO holdup volume. Therefore, the feed pressure must correspondingly be raised in order to
maintain the set constant permeate productivity. Once the applied feed pressure reaches a
critical set point (e.g., either the desired permeate production volume for a given period or the
maximum allowable feed pressure), the RO system concentrate holdup volume is flushed with
the raw feed water (Fig. 4-1b) during which the permeate productivity continues at the level

of the single-pass recovery (Ysp).
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Concentrate Control
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Fig. 4-1. Semi-batch RO (SBRO) process showing the operational configurations of (a)
filtration period (the control volume for salt balance in Eq. (4-6) is indicated by the dotted line),
and (b) flushing period with continued permeate production. (MA - membrane array; C; and g;
are the salt concentration and flow rate, respectively, where the subscript i denotes one of the
following: O- raw feed, F- RO element feed, P- permeate, and C- concentrate.

Although during flushing one can operate at low pressure without permeate productivity,
such an operation as reported in a number of previous studies [42, 43, 159] would reduce the

recovery attained over a complete filtration/flushing cycle. The overall SBRO product water

recovery (Y) for a full cycle(i.e., filtration followed by flushing) is given by vy =Q, /Q, (Eq.

2-27)., where Qo and Qpare the raw-feed water inflow and permeate volumes over a full cycle,

respectively, expressed as:

ter ter e
Q, = jo gp0t + LFT gpdt (4-1)
ter ter e
Q=] qodt+jtFT Qo it (4-2)
in which ¢ is the process time, fr and tr; denote the filtration and flushing durations,

respectively, and go is the raw feed water flow rate, whereby go=¢p during the filtration period

(Fig. 4-1a). For operation at a permeate flow rate of ¢, and raw feed water flow rate of g,, the
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overall SBRO recovery is determined as:

j; gpdt + f” " godt
Y = L -
J’; Godt + j:” " godt &)

in which trr and t7; are the filtration and flushing durations, respectively. During the filtration
period, go=g, (i.¢., total recycle operation). Also, permeate productivity during flushing is kept
at the same level as during the filtration period. However, during flushing, the raw feed water
flow rate is increased to match the SBRO element filtration period flow rate (i.e., go=qr=

qr/Ysp). Accordingly, the overall recovery can be expressed as,

y = Jeler + 0l (4-4)
Opler +0ety

For optimal SBRO operation, the inlet element flow rate during both filtration and flushing is

kept the same (i.e., gr), and given that the element (or element train) per-pass recovery, i.e.,

Ysp=qr/qr, would be typically maintained (i.e., due to element characteristics and imposed

operational constraints), the overall system water recovery (Y) can be expressed as:

Y = YSP '(tFT /tFL)+YSP (4_5)
YSP '(tFT /tFL)+1

For specific case of SBRO operation without or with negligible permeate production during
the flushing period (i.c., gp=0), Eq. (4-5) reduces to Y =Yg, (ter /tr )] / [Yeo (ter /te ) +1].

Equation (4-5) indicates that the overall SBRO system water recovery increases as the
flushing period is shortened relative to the filtration period. In the limit of ¢77/¢r; = oo the overall
recovery Y=>100% and Y->Ysp as trr/trr 20 (Fig. 4-2). Clearly, as the design single-pass
recovery for a given SBRO increases, the prescribed overall recovery can be attained at a
reduced filtration period relative to the flushing period. It is also important to note from Eq.
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(4-5) that, for a given target water recovery, the required filtration duration is governed by the
flushing duration. This suggests that a longer flushing duration would necessitate a longer
filtration duration.

It stressed that previous studies have generally implied that complete SBRO flushing can
be achieved with a raw feed water volume that is equivalent to the SBRO system holdup
volume. Complete flushing in the context of SBRO operation is resetting (or returning) the RO
system such that the RO unit feed salinity (i.e., gr, Fig. 4-1) to the state as in the first filtration
cycle. However, as illustrated in the present work (Sections 4.4.1 and 4.4.2), effective SBRO
system flushing within a single system space time may not be practically realizable. Incomplete
flushing would lead to a higher applied feed pressure requirement and correspondingly higher
energy consumption (Sections 4.2.3 and 4.2.5). Effective flushing can be attained by increasing
the flushing duration or Ro elements feed flow rate; but, this in turn could either reduce the

overall recovery or necessitate longer filtration duration (Eq. (4-5)).
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Fig. 4-2. Overall SBRO system water recovery (Y) dependence on RO filtration time-flushing
time ratio (i.e., ¢rr /tr1) and single-pass water recovery of Ysp=0.1, 0.3, 0.5, as per Eq. (4-5).
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4.2.2 Filtration period

During the filtration period raw feed water having salt concentration of Co is fed to the
SBRO system (Fig. 4-1a). Salt concentration increases along the RO train to the level of Cc
and the concentrate recycle stream is mixed with the raw feed water resulting in a feed stream

to the RO module of concentration Cr (Fig. 4-1a). The average salt concentration in the SBRO

circuit, C, can be determined from an unsteady state salt balance for the filtration period (Fig.

4-1a) expressed as:
V—=0,C; —0:Cs (4-6)

in which V' the SBRO circuit volume (Fig. 4-1a), and where Co and Cp are the salt
concentrations of the raw-feed and the permeate streams, respectively, and ¢ is the time during
the filtration period.

Similarly, to the overall mass balance shown in Eq. (4-6), the salt balance about the RO

membrane element (or array) for the filtration period in SBRO operation is given by,
— =0:Cr —a:.Cc -G, (4-7)

in which dm/dt denotes the salt mass (m) accumulation rate in the RO element feed channel, ¢
and C are the volumetric flow rate (L/min) and salt concentration (mg/L) of various streams
designated by subscripts F, C, and P indicating the RO element feed, concentrate, and the
permeate streams, respectively. Given that the magnitude of the RO filtration period is typically
much greater than the single pass system space time, Pseudo-Steady-State (e.g., dm/dt=0)
can be reasonably assumed in order to establish the relationship between the instantaneous feed
and the concentrate water salinities at the RO element inlet and outlet, respectively. Thus,

considering constant single pass RO recovery (Ysp= gp /qr), the salt material balance in Eq.
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(4-7) can be written for the feed water salinity (Cr) at RO element inlet as:
Ce = (1_YSP)CC +Ye Cp (4-8)
Accordingly, using Eq. (4-7), the average permeate concentration (Cp) can be related to the

brine concentration at the RO element exit (Cc), as given by

_(1-Ye)(A-R,) ]
Ce = 1-Ye (1-Ry) C @)

in which Ry is the observed membrane salt rejection (defined as, Rs =1-Cp/CF).

Combining Equations (4-8) and (4-9), and given the approximation of C= (Ce +C.)/2
(note, Cr <C < C¢), it can be shown that C = [(2 — Y4 + Y - R )/(2(1—YSP (1-Rs )))] C..

Therefore, the rate of increase in salinity of the concentrate recycle stream can be approximated

as dC/dt = (2-2Y +Yg - R, )/(2(1—YSP (1-Ry )))dCC /dt. Given the above relationships,

the brine concentration (Cc) during the filtration period can be described by the following

expression:

*

dce _ 2Y,, (
d®  2-Yg —Yeo(1-Ry)

1-Yg+(1-R)—(1-Ys ) (1- Ry )CS ) (4-10)

where C is the brine concentration at the membrane exit, normalized with respect to the raw

feed water concentration (i.e., Cé =C, / C, ), and O is dimensionless time (® =t/7, in which ¢
is the space time defined as 7=V/gqr where gr is the RO feed flow rate). Given the reasonable
approximation of linear dependence of the osmotic pressure () on salt concentration [61, 185],
Eq. (4-10) can be solved, with the approximation of an invariant salt rejection as was the case

in the present work (i.e., R=99.3+0.3%) over the range of encountered operational salinity (Fig.

4-4), to obtain the dimensionless brine osmotic pressure at the RO element exit location (7 )
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for the n™ cycle as a function of process time, yielding:

(”2(6))?_(”;)?;/(1_&)ex[ 2(1-Ys ) (1-Ry) Y @j (4-11)

() «\n=L - OV VY 1R ) s
(ﬂ-c )i,FT _(ﬂc )i,FT /(1_ RS) 2 YSP YSP (l RS)
in which the superscript n designates the filtration cycle number. Normalized with respect to

the raw feed osmotic pressure (7, ), the dimensionless osmotic pressures at the element exit

during and at the beginning of filtration period # are denoted in Eq. (4-11) by (72':3 (@))(FHT) and

*x\(M) . «\n=l . . .
(72'C )LFT , respectively. In Eq. (4-11), (ﬂc )i'FT is the dimensionless osmotic pressure (at the

element exit) at the beginning of the first filtration cycle (n=1), which can be obtained from

Eqgs. (4-8) and (4-9) given linear approximation between osmotic pressure and salinity [61], as:

(*)nzl (”c).n::T (1_(1_RS)YSP)

e )ier = (”O)T?T - (1_YSP) (4-12)

in which subscripts FT and i designates the filtration period and its beginning (i.e., ®=0),

respectively. It is noted that, based on a pseudo-steady state salt balance about the RO module,

the osmotic pressure at the entrance to the membrane element (7ZF ) is equivalent to the raw

feed osmotic pressure (7 ), and thus 7. /7 =(1-Y) / (1-(1-Rg)Ys ) for the first cycle
at initial condition. Similarly, the mixed-cup element entrance salt concentration (Cr) is related
to the exit concentration (Cc) as C./C. ~ 7z, /7, . It is stressed that the above analysis is
restricted to RO membranes of high salt rejection for which Rs=> 1. In fact, for such membranes,
Eq. (4-10) reduces to dC_/d® = 2Y,, /(2-Yg ), and thus the variation of the concentrate

osmotic pressure (at the element exit) during each filtration period, for any given cycle, can be

approximated by,
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i,FT

(7 (@))(”) 2 /(2-Ys )0 +(x7)

T

(4-13)

Eq. (4-13) indicates that the concentrate osmotic pressure (at the element exit) varies linearly
oy . . . . «\(n o

with time during each filtration period. It is stressed that (JTC )i F)T (at the beginning of the

filtration period in n" cycle) is dictated by the concentrate osmotic pressure, at the element exit,
at the end of the previous cycle flushing period (Section 4.2.3). The filtration duration (i.e.,

O, =t /7) determines the exit element osmotic pressure at the end of this period (i.e.,
*\(n)

(ﬂc )f,FT )-
It is noted that the salt rejection in Eq. (4-12), Rs=1-Cp/CF, can be taken to be invariant with

concentration for reasonably high salt rejecting membranes as confirmed for the operating

conditions and membrane (RE-2540BE) of the present work (Section 0, Table 4-1 and Fig.

4-4).
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Feed water salinity (mg/L TDS)
Fig. 4-3. Observed salt rejection (Rs) for the present CSM RE2540-BE membrane

(Rs=0.9934+0.003) and data for DOW XLE2540 membrane based on the data from [190])
(Rs=0.97+0.01) demonstrating reasonable invariance of Rs with feed water salinity.
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4.2.3 Concentrate flushing period

At the end of each filtration period (Section 4.2.2) the concentrate holdup from the SBRO
system is flushed with the fresh raw-feed water in a single-pass flow mode (. i.e., without
concentrate recycle; Fig. 4-1b). Once the concentrate salinity at the RO element exit (or the
applied pressure) increases to a predetermined level that triggers flushing, raw feed water is
directed to the RO system during a flushing period of operation without concentrate recycle.
As a consequence, there is an abrupt (i.e., essentially a step) reduction in the RO feed stream
salinity (Cr) from the high level at filtration period end to the raw water feed salinity at the

beginning of the flushing period. As flushing proceeds, the concentrate salinity (at the element

exit) decreases from its level at the SBRO filtration period end, (CC ) < e7 » tO the value attained

at the flushing period termination (i.e., (Cg ) ). The concentrate salinity at the RO element

f,FL
exit at the end of the flushing period (i.e., also the beginning of subsequent filtration period)
will depend on the efficacy of excess salinity flushing from the RO system. The progressive

flushing efficacy can be quantified as:

() () (n) (n+1)
_(CC)-,HL_(CC)LFL :(Cc)f,;:T _(Cc)i,FT (4-14)

where (Cc)i("'F)L and (C. )(fnv)FL are the concentrate salinity (at the element exit) for cycle n
beginning and end of flushing period n, respectively (also equivalent to the end and beginning

and (C, )(M)

element exit salinity values of (CC )(n) CET

(et of filtration periods » and n+1,

respectively), (Cg )n ~ is the concentrate salinity at the beginning of the first cycle filtration

i,FT

period (i.e., n=1), and O =t /7. F(®) can be determined experimentally for the system
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under consideration at its operating conditions (Section 4.4.1). It is noted that the function

represented by Eq. (4-14) is akin to the cumulative residence time distribution (RTD) function
©
[191], .., jo "E(®) d® =F(®,, ), where E(®) is the RTD function.

The concentrate salinity at the RO element exit at the end of each successive SBRO flushing

period becomes the filtration concentrate salinity at the beginning of the subsequent cycle (i.e.,

(Cc )(”) =(C. )i(”“)). Accordingly, by combining equations (4-11) and (4-14), and iteratively

f.FL FT

solving for progressive filtration-to-flushing cycles, as detailed in Section 4.2.3.1.

4.2.3.1 Osmotic pressure during variation during the SBRO filtration period

Given the first cycle concentrate osmotic pressure at the filtration period beginning,
(. )_n=1 (Eq. (4-12)), one can obtain the brine osmotic pressure at the end of the RO filtration
CJi,FT

n=1

period in the first cycle, (ﬂé ) P

by solving Eq. (4-11) to yield:

(ﬂ; )::; _(ﬂé )In::T /(l_ RS ) _ exp(— 2(1_YSP )(1_ Rs )

(”‘; )In:' _(ﬂ;):]:'/(l_ Rs) 2-Ye —Yep (1-R;)

Given the concentrate osmotic pressure at the end of the filtration period for cycle 1, one can

Y0, ] (4-15)

obtain the concentrate osmotic pressure (at the element exit) at the filtration period beginning

(n-

2
, for a given flushing efficacy (F (@FL ) ; Eq. (4-14)),

i,FT

(7)o =) e () () ) F () (4-16)

Following the above recursive process one can arrive at the following series expression for the

for the subsequent cycle, (ﬂé )

concentrate osmotic pressure (at the element exit) at the beginning of filtration period # (i.e.,
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(n)

i,FT ):

e

n=.

n=1

F(©q)

e
2(1-Ys )(1-Ry)

(1Y) +1-Ye (1-R)

)YSP '®FT]

+F (0, )-(1-F(0r)) exp[—Z

......... 2(1—Y5P )(1— Rs)
(1Y) +1-% (1-R.)

)YSP 'G)FTJ

+F (0, )-(1-F(0n))" exp(—(n—Z)

2(1-Yy )(1-R,)
(1-Yg )+1-Yqp (1-R,

+(1-F(©p))" exp(—(n -1)

YSP '®FTJ

YSP '®FT]

(4-17)

one can obtain the following expression for the concentrate osmotic pressure, at the element

«\(n
exit for the beginning of each cycle filtration period, (ﬁc )f ;T (also equivalent to the value at

the end of the preceding flushing period, i.c., (

(-9
f,FL’

*

7

)

. . M,
square bracket in the above equation can be converges such that (7ZC )i - 1s given by:

n=1
)i,FT

*

e

n=1 (”

[

—

n=1
)i,FT
1-R,

*

2(1-Yy )(1-R,)
1-Yg ) +1-Yg (1-R;)

F(0,)-F(0)-(1-F ((9FL))n exp [—n (

YSP(aFT j

2(1—YSP)(1— RS)
1_(1_ F (®FL)) eXp[_ (1_Ysp)+1_Ysp (1_ R, )YSP '®FT]

+(1— F (®p|.))n exp[—(n —1) (l—zY(si-)_IiP—)(Yt,:(Ts—)Rs )YSP '®FT]

from a geometric series within the

(4-18)

For the stable cycle-to-cycle SBRO operation the concentrate osmotic pressure (at the

element exit) at the beginning of the filtration period can be determined by taking the limit of

x \N—>©

Tt

n%oo,(

)

iFT
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n=

(e ek

Te)ier T 1-Ry _ F(©q) @19)
2(1-Yq )(1-Ry )

o\N=
_ 7). (1 _ .
(7[(*: )I”F%r _(;_)EZT _1 (1 F(G)FL)) EXp( (1_YSP)+1_YSP (1_ RS)YSP ®FTJ

* \N—>o
Given the expression for (ﬂc )i . » concentrate osmotic pressure during the filtration

period, (ﬂ'é ):w , can be determined from using Eq. (4-11) leading to the following expression:

(7 )F:w_(ﬁc);/(l— R) 2Y)(1-R,)
(”Z )'er _(ﬂé )n:1 /(1_ Rs ) ) exp(_ (1_YSP ) +1-Ye (1— R, ) e .GJ (4-20)

i,FT i,FT

It is noted that, for a membrane with complete salt rejection (Rs=100%), ( e ):“’ can be

obtained from Eq. (4-13) (Section 4.2.2) leading to:

. oo 2Y * \ N30
(7 (®))FT :ﬁ'(a-i_(ﬁc)i,ﬁ (4-21)

4.2.4 RO concentrate osmotic pressure variation over progressive SBRO cycles

Given the expressions for the osmotic pressure variation during the filtration (Eq. (4-11))
and its beginning filtration condition as defined in (Eq. (4-18) for the n'" cycle, one can show
that the RO element exit concentrate concentration and thus the osmotic pressure at the
filtration period (Eq. (4-18)) will rise with successive filtration/flushing cycles until a stable
condition is attained. Such a behavior is illustrated in Figs. 4-4 and 4-5 for the specific case of
a single-pass recovery of 10% (e.g., when a single RO element is utilized), for a membrane

having 100% rejection, and fixed filtration and flushing periods and for different levels of
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flushing effectiveness as quantified by F(®rL), which is considered in this example to be

invariant from cycle-to-cycle.

Cycle n=1 2 3 4 ... Cyclen Cycle n+l
| | I | ) I
T ¥ T V i 1
o 3L i@
3y Opr {171 CFOp )= \ )
@ 8 105 A
=] P Y S i
o © :0.7 SRS :
22 AL AN A
g 7] ,a’ag >'\<‘lg s ’,‘I‘I‘l / /|-=
= C. AL W S S
8% 2 (S8 S VARV S S
o} O : H |:,' |I I \
A \; \
N 5 \
® g [ [
E : H
o © :
=z
1 1 | 1 1 1
0 9 18 27 36 45 54

Dimensionless cycle time, ®=t/t
Fig. 4-4. Filtration and flushing periods time profiles of the normalized concentrate osmotic
pressure at the RO element exit, 7. = 7. /z, . SBRO operation is illustrated schematically
over multiple cycles as per Egs. (4-11) and (4-18) at fixed flushing efficacy of F(®r_)=0.5, 0.7
and 1.0, flushing period of ®r.=1 and overall water recovery of 50% at a fixed single pass

recovery of 10% and complete salt rejection (i.e., Rs=1). Note: the RO feed osmotic pressure
for each cycle is related to the exit element osmotic pressure as described in Section 4.2.2.
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Fig. 4-5. Variation of the concentrate osmotic pressure at the beginning of each successive
N . «\(n) . .
filtration period n, (zzc)inFT , hormalized by the raw-feed water osmotic pressure

((ﬂé)i(nF)T =(7Z'C)i(,nF)T /71'0 ) as per Eq. (4-18) at various level of flushing efficacy (F(®rL), Eq.
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(4-14)) of 0.5, 0.7, 0.8, 0.9, and 1.0 for a given flushing period of ®r =1 for overall system
recovery target of 50% (i.e., Y=0.5) with complete salt rejection (Rs=1) and fixed single pass
water recovery of 10% (i.e., Ysp=0.1). (Note: element inlet osmotic pressure is determined as
per the relation in Section 4.2.2).

It is apparent from the above example (Fig. 4-4) that, with greater flushing efficacy (i.e.,
F(®rL)—> 1), the cycle-to-cycle element exit osmotic pressure at the beginning of each filtration
period will readily reach a stable value. As F(®r.) decreases, a higher salinity level will
progressively build in the RO circuit which will increase the osmotic pressure, and thus the
required applied pressure to achieve the prescribed permeate flow rate. As shown in Fig. 4-5,
for the same conditions as in Fig. 4-4, the osmotic pressure of the SBRO concentrate (and thus

the inlet feed stream to the RO element) would increase with successive cycles until a steady

value is reached. For example, for F(®rL)=0.5 a rise in the element exit osmotic pressure at the

filtration period beginning, (ﬂc) of up to a factor of 1.76 (or up to a factor of 1.95 for the

i,FT"
element inlet osmotic pressure) would be reached within 8 cycles. In contrast, for the case of
complete flushing (i.e., F(®r.) =1) the element feed and (exit) concentrate salinity at the
beginning and end of the filtration and flushing periods would be cycle-to-cycle invariant. The
above illustration emphasizes that effective flushing is critical to attaining efficient if the goal
is to reduce energy consumption, as well as avoid increased salt passage.

Incomplete concentrate flushing (i.e., <0) would lead to a successive cycle-to-cycle rise
in the element exit osmotic pressure (and correspondingly the element inlet osmotic pressure)
at the beginning of successive filtration periods as can be ascertained from Eq. (4-18). As can
be conjectured from the examples of Figs. 4-4 and 4-5, one should expect that the element exit

concentrate osmotic pressure at the beginning of the filtration period will ultimately reach a

* \N—>®©
stable value (identical from cycle-to-cycle), i.e.,(ﬂc )i o This condition can be determined
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from Eq. (4-18) in the limit of - (where (7 ) o

is given by Eq. (4-12)) and is given as:

» \N—>© ~\N=1
(7 )rer (o) o A=) F(0x) (422)
2

(¢ )|n|=:lT (7 ).n?T / (1-Rs) 1-(1-F(0y)) exp(— 2_(\1(_\E;)(t;_R;)) Yo -@)FT}
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Fig. 4-6. The concentrate osmotic pressure at the RO element exit (i.e., (zc")ir) for the case
in which the SBRO operation has reached its stable condition (i.e., n—>) with respect to the
overall water recovery, Y (as per Eq. (4-22)) at the flushing efficacy in the range of F(OrL)=
0.5 — 1 for a flushing period equal to the system convective residence time (i.e., @ =1) for a
membrane of 100% salt rejection, and fixed single pass water recovery of 10% (i.e. Ysp=0.1).
An illustration of the variation of the concentrate osmotic pressure at the element exit with
overall system recovery is provided in Fig. 4-6 for SBRO at its stable cycle-to-cycle operation

(i.e., n>m), for the same SBRO specifications as in Fig. 4-4. As the flushing efficacy decreases

* )n—)oo

both (ﬁc . rr and the RO element inlet osmotic pressure of filtration step will increase and

dramatically once the overall target recovery increases above about 70%. In the special case of

ideal flushing (i.e., when F(®rz) =1), the cycle-to-cycle osmotic pressure, at the beginning of
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each filtration period, would remain unaltered and equivalent to that which existed at the initial
filtration cycle (i.e., n =1). If complete flushing is not realized, the needed applied pressure
during each filtration period, to maintain the target permeate flow rate, would rise with
progressive cycles but would ultimately reach a stable value. Consequently, the energy
expenditure would also rise up to the condition of stable successive cycles.

In principle, cycle-to-cycle stabilization may be rapidly achieved if the flushing duration is
sufficiently long (i.e., equivalent to an increasing raw feed water flushing volume) relative to
the filtration duration (¢#72>>trr). Under this operational scenario, the average salinity in the
SBRO system will be reinstated to the condition at the beginning of the first cycle. However,
in such case, for a given filtration duration, the overall product water recovery will decrease
and with increasing flushing time it will ultimately approach the single-pass RO system
recovery (Eq. (4-5); Section 4.2.1). Such overall water recovery decrease can be avoided by
shortening the flushing time, but with a tradeoff of prolonging the filtration duration leading to
higher average salinity in the SBRO system, and, consequently, increased energy consumption.
Clearly, flushing efficacy is a critical SBRO operational parameter. It is emphasized that the
flushing efficacy will depend on the specific SBRO system configuration and the convective
residence time within the system. Based on the present data discussed in Section 4.4.1, F(®rL)
should be expected to increase with the flushing duration (®rz), but this dependence is non-

linear.

4.2.5 Specific energy consumption
The specific energy consumption (SEC) for desalination for a given SBRO operational

cycle (i.e., filtration followed by flushing) is the total energy consumption per unit volume of
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produced permeate [132, 136] as given by,

J‘tcycle We (t) dt

0
n
SEC gro = ty|—P (4-23)
J-o Qe

in which feyce is the process time for a single cycle (i.e., g, =ter +1g ) and 7 is the pump
efficiency. The required desalination pressure work, W/, (t), will depend on the efficiencies of
the feed pump and energy recovery device (if used in the system) and is given as [136, 190],
W, (t) = AP (t)(0e —7er0c ) (4-24)
where AP, (t) =P (t)— P in which P/(¢) and P, are pressures of the feed entering the RO

membrane element(s) and of the raw feed water, respectively, and #zr is the overall efficiency

of energy recovery in the system. It is emphasized that the energy required for desalination
separation by the RO element (or element train) is for the condition of an ideal pump (77, =1)
and without considering energy recovery (i.e., 77z =0). In Eq. (4-24), the transmembrane

pressure at the RO element inlet can be expressed as APy =(Pexit — Po) + 0Ploss, where 0Pioss 18
the pressure loss in the membrane element and Pe.i 1s the feed-side pressure at the element exit
location. Under the condition of an unpressurized permeate stream at essentially atmospheric
pressure, it is reasonable to set P,=P,. Therefore, AP; =APrmpexic + OPloss, Where the

transmembrane pressure is given as A Pruypexic =(Pexi-Po) and can be estimated from the classical

permeate flux expression (i.e., J, =L, (AP —G'Aﬁ) , [61]) to yield the following:
AI:)TMP,exit = ‘]v,exit/Lp to- A7z-e><it (4'25)

in which Jyewr and L, are the permeate flux at the RO element exit and membrane water

permeability, respectively, and o is the reflection coefficient (considered to be about unity for
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high salt rejection RO membranes). The transmembrane osmotic pressure is

AT =(7Z'm) — 7, where ~, and (7Z'm) are osmotic pressures of the permeate stream

exit exit

and the membrane surface at element exit, respectively. As a reasonable estimate

(ﬂm )exit: CP,; -7 in which CP.; is the concentration polarization modulus (i.e., CP=C,/C}

where C,, and Cp are the solute concentrations at the membrane surface and the bulk solution,
respectively [192, 193]) that can be estimated for spiral-wound RO elements either empirically
(Section 3.3.3) or based on whole element CFD analysis [194]. Therefore, given CP at the
element exit, the applied feed pressure (relative to the raw feed pressure) is approximated as

APf = ‘]v,exit/Lp + (5 p)loss + CP

it A7 . Considering the reasonable approximation of

Ar. = r. (at the element exit) in typical RO processes where . >> ,, the SBRO SEC can

be expressed as:

ter - ter e - ter ter e
SECSBRO:(O Wp(t)dt+LT Wp(t)dt)/(j0 qut+LT qut) (4-26)

in which V\./p (t) 1s given as,

. — J
Wp (t) = (qF nERqC ) ( Lt + CPexit ’ 7TC + (5 p)lossj (4'27)
77P I—p

The first and the second integrals in both the nominator and denominator in Eq. (4-26)

represent the contributions of the filtration d flushing periods, respectively, to the SEC. The

permeate flux at the element exit ( J\,’exit) from the single pass train (single or multiple elements)

can be estimated relative to the average permeate flux, I (Section 4.2.5.1), and along with

theterm CP,, 7., canbe expressed, following the approximation provided in [132, 136], as:
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. . =——+CP b4
exit exit L 1_Y5p (1_ Rs ) Ysp C

M+CP or = ‘]_v cp (1_YSP) In (]/(1_YSP )) (4-28)

Lp p
in which CP is the average concentration polarization for a given RO element. Equation
(4-28) is derived by considering that concentrate mixing takes place between pressure vessels
and that CP at the exit location of each RO train element is governed by the same single-pass

recovery (Section 3.3.3) over the practical range of operational feed pressure [142, 195].

Single-element recovery in RO systems is generally constrained to a low value (< 15%) in

order to avoid over-fluxing the permeate across the membrane element [190, 196] beyond the
membrane manufacturer specifications. Under such conditions CPeyi; Will be proximal to the
element average CP (Section 3.3.3).

Temporal variation of the concentrate osmotic pressure at the element exit during the SBRO
filtration cycle ((ﬂc )FT ) can be determined from the salt mass balance equations described in
Section 4.2.2. Obtaining the temporal profile of the RO system concentrate salinity at the
system exit (and thus (ﬂc )FT) is challenging since dispersion is invariably system specific.

However, given that for practical the SBRO operation the flushing period has to be significantly
shorter than the filtration period (i.e., in order to attain reasonable RO recovery), it is reasonable
to utilize a linear RO concentrate salinity-time profile as shown in the present work (Section
4.4.1) and reported in previous SBRO work [49, 162, 166].

The case of SBRO operation with non-pressurized concentrate flushing, in which there is
negligible permeate productivity, would lead to reduced overall cycle recovery. Also, it is worth
noting that for continuous permeate production throughout each SBRO cycle, hydraulic energy
expenditure will occur during the flushing period, albeit lower than during the filtration period.
Both of the above cases can be considered via the above analysis, without a loss of generality.
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In the present work, the more reasonable approach of constant permeate productivity is
considered over the entire SBRO cycle [197]. For the above operational scenario, considering
the special case of invariant pump and ERD efficiencies, negligible frictional losses and
constant element-to-element single pass recovery, one can show that the SEC as deduced from
Eqgs. (4-26) — (4-28) is given by:

tcycle *

SECL,., = SECro _(1_775R (1_Ysp)) J_V +CP (1_Ysp) In(l/(l_Ysp)) J.o 7ot (4-29)

7o MpYsp L7 1-Ye (1_ Rs ) Ysp

p cycle

in which ﬂé during the filtration period is determined from Eq. (4-11) and based on the

approximation of a short flushing period (i.e. #rr>>tr1) during which the temporal concentrate

salinity profile can be taken to be linear, and thus (;r_;) ~ (Z) . Once consecutive SBRO
cycle FT

cycles stabilize (i.e., the cycle-to-cycle element inlet and exit concentrations are reproduced at

the beginning and end of each filtration period), the last term in Eq. (4-29) can be obtained

—\N—>

from integration of Eq. (4-22) which can be shown to lead to ( ;FT P dt) It = (72':: )FT . Given

n—

the expression for the brine osmotic pressure (( 7o )FT “) during the filtration period in a stable

cycle-to-cycle SBRO operation (Eq. (4-20), the normalized cycle average osmotic pressure at

—\N —0
the element exit for the condition of a stable cycle-to-cycle operation, (;r;) , can be
FT

obtained from integration of Eq. (4-11) to yield,

(=), =l () o=(x ) famro) () () SR
2—Ye Vs (1_ Rs) _exp| — 2(1_Ysp)(1_ Rs) .
{1 p( ) YSP@FTH

2(1_YSP)(1_ Rs)'YSPG)FT Z_YSP _YSP (1_ Rs

(4-30)
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It is noted that for operation up to the thermodynamic restriction, as one approaches the RO
element exit, the net driving force NDPz(AP — O'A?Z') -0 and thus Jyexir =0 at the element

exit. For the above condition at the crossflow thermodynamic restriction limit, the bulk and

membrane surface salt concentrations are identical (i.e.,cP._ —» 1), and hence the normalized

exit

SEC (i.e., SEC;BMTR =SECgro s / 7o ) is reduced from Eq. (4-29) to:

1- 1-Y, —\N—>w®
SEC;BRO,TR = ( Ter ( = )) (7[:: )” (4-31)
MpYsp cycle

In the special case of ideal SBRO operation (i.e., complete flushing for which F(®f;)=1), the

cycle-to-cycle osmotic pressure at the membrane exit at the commencement of each filtration

* n=.

. . n—o * 1 .
cycle remains unaltered (i.e., (7Z'C ) . (7Z'C ) - ). For the above case and an ideal membrane
I

i
(i.e., complete salt rejection) the average cycle osmotic pressure for complete flushing is given

as (7[; )cycle: (Y =Yg)/(2=Ys )(1-Y )+1/(1-Y) (Section 4.2.3.1). Thus, given Eq.(4-31), the

corresponding minimum SEC at the limit of thermodynamic restriction (with complete

concentrate flushing) can be expressed as:

(SEC* ) _ (1_’75R '(1_YSP )) (Y _YSP) 4 1
SBRO,TR plug - flow UPYSP (2 - YSP )(1—Y ) (1 _Ysp )

J (4-32)

The SEC for SBRO operation at the thermodynamic limit for different levels of flushing
efficacy (Eq.(4-31)), relative to that of the ideal SBRO case (Eg. (4-32)) and for steady state

single-pass RO (SPRO), is illustrated in Fig. 4-7. This example is for the case of 10% single
pass recovery, complete salt rejection and ideal feed pump (i.e., 7, =1) and energy recovery
(7 =1) for both SPRO and SBRO, and where the SBRO flushing is set equal to the

convective RO system residence time (i.e. ®rL =1). As shown in Fig. 4-7, under the ideal
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scenario of complete concentrate flushing (F(®., ) =1), SBRO operation would be at a lower

energy consumption (SEC;BRO'TR) relative to SPRO (i.e., SECspro,Tr) at the same recovery and

assuming similar pump and energy recovery efficiencies. However, when the flushing

efficiency is reduced the SEC for SBRO will increase relative to the ideal SBRO case (i.e.,

F(®rL) =1).
2.5 2.5
SECSBRO,TR _
E F(®r =1)=0.4 £
-~ 05 =
=20 1 2 =
5 0.6 g
8 0.7 —
D g5 | = 15 &
i =< o Pz
2 g
810 f 1 .5
% O
0 i
= 0‘5 1 1 1 1 1 1 1 1 1 0.5
0 0.2 0.4 0.6 0.8 1

Overall water recovery, Y

Fig. 4-7. Specific energy consumption (SEC) in SBRO dependence on overall system
recovery (Y) and flushing effectiveness (F) of duration @ =1, at the thermodynamic
restriction relative to ideal SBRO (i.e., complete concentrate flushing), (SECsgro,7r)ideat, as
per Eqs. (4-31), (4-32) and (4-33) for salt rejection (Rs) of 100% and single-pass water
recovery (Ysp) of 10%. The dashed curve represents the SEC fat the thermodynamic limit for
SPRO relative to ideal SBRO.

It is noted that the SEC for SPRO operation at the thermodynamic restriction limit (Fig.

4-7) as reported previously [190] is given as
SECqpmorn / o = SECinome=| (177 (1-Y)) /oY |[ (1-Y+(1-R;))/(1-Y)]|  (4-33)
The above SEC;},MTR is equivalent to SBRO operation with flushing efficacy characterized

by F(®, ) =0.62 . SBRO operation for which F(® ) =0.62 would lead to higher SBRO
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SEC relative to SPRO (i.e., SECgpro1r < SECgaror )- Here it is noted that for RO system

operation away from the thermodynamic restriction, the SEC for SPRO (SECspro), When

considering negligible pressure losses, can be obtained from the relation provided in [190],

(1_77ER (1_Y)) ‘]v,exit +CP. l_Y (1_ RS) (4_34)
Lp T exit 1-Y

Clearly, the efficacy of concentrate flushing will depend on system configuration (and its

(SEC* )SPRO - 77PY

physical components) and the flushing conditions (i.e., e.g., crossflow velocity). Therefore,
comparison of the SEC among actual different SBRO systems and various SPRO systems
should be made with full consideration of the flushing efficacy as per the analysis presented in
Section 4.2.3. While flushing duration longer than the convective residence time is feasible
(i.e., ®rL >1), for a fixed filtration period, this would lower the attainable recovery (Section
4.2.1). Increasing the filtration time to maintain the recovery would then necessitate longer
filtration time (Section 4.2.1) and consequently higher applied pressure at the end of the
filtration period (Section 4.2.5). Therefore, it is critical to compare the SEC for different RO
systems at the same overall recovery and permeate productivity. Also, it is stressed that while
Fig. 4-7 gives the impression of a highly optimistic SBRO performance (relative to SPRO),
one must recognize that complete concentrate flushing, within a the system convective
residence time, would not be easily realizable in practical SBRO systems of spiral-wound
elements and where various system hydraulic components are present that may increase solute
dispersion during the flushing period. Accordingly, in order to evaluate SBRO performance,
with respect to concentrate flushing efficacy and its impact on the desalination SEC, a

systematic experimental methodology is presented in Sections 0 and 0.
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4.2.5.1 Element average permeate flux
The permeate flux varies along the element and as illustrated in Fig. 4-8 the flux at the

element exit (for single-pass element recovery of below about 10%), is essentially equal to the

average flux, J

v 2

when J_v / ( L, '72'0) >10. In the present study, and as expected for RO
operation in which the element recovery is in the vicinity of ~10%, deviation of the flux at
the exit location from that of the average was negligible (i.e., Jy gt / J_V ~1), which allows for

the simplification of the analysis as presented in Section 4.2.5.

1.2 1
1 _~12.5 (Present study)
e
t x
1
1
0.8 :
]v,exit '_ 5
]‘U JV —
=1
04 prﬂ-o
1
1
1
1
1
0 1 II 1
0.00 0.05 0.10 0.15 0.20

Water recovery, Ygp

Fig. 4-8. Variation of the permeate flux at the membrane exit (J,«xir) relative to the average

permeate flux (J, ), as per Eq. (4-28) at various level of normalized average permeate flux,
I* :I/ ( L, '7Z'o)= 1, 2, and 10 with respect single pass water recovery (Ysp) for ideal

membrane (i.e., 100% salt rejection). The J_V* for the RO system utilized for the present study
was 12.5 as indicated on the figure.
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4.3 Experimental

4.3.1 Materials and model solution

The aqueous model solution was prepared by dissolving reagent-grade sodium chloride
(Fisher Scientific Pittsburgh, PA) in deionized (DI) water. The feed solution in a 757 L (200
gal) polyethylene tank was continuously stirred by a mechanical mixer and maintained at 20 +
1°C using a recirculating chiller (VWR Scientific 1171-P, Radnor, PA). Prior to being fed to
the RO system, the feed solution was then filtered through a sequence of three cartridge
microfilters of sizes 20 um, 5 um (pleated 2-1/2x10”, Ocean Link Inc., Portsmouth, RI), and
0.2 um (Polysulfone Plastic, Harmsco, North Palm Beach, Florida). The present SBRO system
was fitted with a single spiral-wound RO element (CSM RE2540-BE, Toray Chemical Korea
Co., Seoul, Korea) having a 2.5 m? active membrane surface area, average water permeability
of 2.4 L/m?*-h-bar (measured at operating pressure of 10 bar), salt rejection of 99.5% determined
using a 2,000 mg/L NaCl solution at 25 °C and 15 bar [148]. The pilot flexible RO system
(detailed in Appendix A) was adapted SBRO operations. The SBRO system had an overall
holdup volume of 4.1 L, and with RE2540-BE membrane, it provided a fixed per-pass recovery
of about 9.2%. The electrical conductivities (EC) were monitored in each flowing streams in
order to quantify variability of salinities in each stream based on the EC-TDS correlation in

Appendix A.2.

4.3.2 Semi-batch RO desalination
The SBRO desalination experiments were carried out with NaCl feed solutions of
concentration of 1000 mg/L. All experiments were carried out such with the SBRO

arrangement as shown in Fig. 4-9. In all of the SBRO runs, the produced permeate and
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concentrate streams were returned to the feed reservoir (Fig. 4-9) throughout the multi-cycle
(of filtration-flushing) SBRO operation.

Prior to each experiment, the SBRO system was conditioned for 30 min in a single-pass
mode by pumping the model solution through the system at a membrane feed flow rate (¢r) of
11 L/min at feed pressure of (Py) of 10 bars. During the RO filtration period the SBRO is
operated with the brine-discharge valve (V-2) completely closed to allow the concentrate
stream to continuously mix with the raw feed water which was maintained at the same constant
flow rate (qo) for all experiments. At the end of the filtration period of each cycle, flushing of
the excess concentrate salinity from the system was accomplished by closing the concentrate
recycle valve and opening the brine discharge valve. In this flushing operational mode, only

the fresh raw feed stream was introduced to the RO membrane module.

Solenoid Pressure
V_ZVaIve Concentrate Inten?ifier
o] V-‘l Cc. Qc Pt

Or

Raw-feed /~ "\ Feed, Py P VA ]

Co . Yo, @ M Ce O e

Pump

Permeate
Cr Op Pp

Fig. 4-9. Experimental setup for SBRO operation with a RO stage consisting of a single
element (MA) where C;, and ¢; indicate salt concentration and flow rate of stream i (note:
subscript i denotes one of the following: O-raw feed, F-RO element feed, C-RO concentrate,
P-permeate, and D-brine discharge stream).
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The RO system was operated in a sequential manner alternating between filtration and the
flushing modes, while maintaining constant permeate flow rate equal to the RO feed flow. The
operating conditions for the different experimental runs are provided in Table 4-1. It is noted
that the range of operating conditions is consistent with the manufacturer recommended
element permeate flux range of 4.9 x10> — 1.2 x10* L/m?-d (12 — 30 gfd) to maintain >99%
NaCl rejection over the operating pressure range of 6.4 — 15.5 bar [148].

SBRO experiments (Table 4-1) were carried out over a cycle (filtration followed by
flushing) time in the range 3.6 — 60 min for which the overall product water recovery was in
the range of 9.2 — 79 % with set normalized flushing times (®r=tr1/ 7) of 1.0, 2.2, and 4.4.
SBRO experiments were carried out at each set of operating conditions for a period up to the
stable cycle-to-cycle operation, in which the salinity of the concentrate at the element exit at
the beginning and end of progressive cycles filtration periods showed less than 1% variation.
At the termination of each experimental run the SBRO was cleaned by circulating DI water
through the system channel for 30 min at a flow rate 11 L/min and 3 bar feed pressure.

The efficacy of excess salt flushing, as described in Section 4.2.3, was determined by
monitoring the concentrate salinity at the element exit as a function of time. The raw water feed
volume used for flushing was about 4.4 time the SBRO holdup concentrate volume delivered at the
same element feed flow rate, gr), used during the filtration period (i.e., equivalent to a flushing
time that is 4.4 times the system space time). The flushing efficiency at any time during the flushing

period was calculated as,

F(©r) = ((Cc)f,FT —Ce (®)FL )/((Cc)f,FT _(CC )|n|::T ) (4-35)

where C_ (@), is the concentrate salinity (at the element exit) at time, ©.

FL
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Table 4-1. SBRO experimental conditions

Initial cycle Stable cycle
n=1 n=N®
Overa“ n=1 n=1 n—w n—oo
Run # Water trr trL (Cc )iy,:T (CC)f,FT (CC )i,FT (Cc)f,FT . F(©
Re\f‘é(‘f;y’ ©m  Om)  mgL) (mgl) (mgl) (mgry N FOm)

0

1 9.2%
2.a 46% 7.7 1116 1998 2023 2790 7 0.46
2.b 62% 152 93¢ 1115 2646 2712 4215 7 0.48
2.c 74% 27.2 (1.0) 1145 4279 3803 6510 6 0.50
2.d 79% 35.7 1133 4661 4813 8079 7 0.47
3a 46% 16.8 1150 2280 1782 3882 4 0.77
3.b 62% 320  g5pgec 1110 4305 2153 5986 4 0.79
3.c 74% 58.7 22) 1150 7080 3386 9997 4 0.75
3.d 79% 77.3 1100 8910 3351 11676 4 0.79
4.a 46% 34.7 1180 4515 1522 5578 3 0.92
4b 62% 66.7  100sec 1100 7415 1717 8800 3 0.92
4c 74% 1173 (44 1060 11900 2097 14100 3 0.92
4d 79% 154.7 1040 15610 2296 16770 3 0.92

@N is defined as the cycle count required for establishing the stable (reproducible) concentrate
concentration profile in which the concentrate salinity at the beginning of filtration period n
differs from that of cycle n-1 by less than 1%. Note: all experimental runs were carried out at
raw feed salinity of 1,000 mg/L TDS, permeate flux of 24.2 +0.2 L/(m?-hr) (equivalent to
permeate flow rate of gp =1.0 £0.05 L/min), crossflow velocity of 19 cm/sec; the RO element

feed flow rate, gr =11 +0.05 L/min at which the system space time (7) was 23 s.
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4.4 Results and Discussion
441 Multi cycle semi-batch RO (SBRO) operation
In SBRO operation, as discussed in Sections 4.2.3, non-ideal flushing leads to progressive

increase of successive filtration periods RO element feed water salinity until a stable cycle-to-

cycle operation is reached (Table 4-1 and Fig. 4-10).
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Fig. 4-10. Temporal profiles of SBRO concentrate stream salinity (mg/L TDS) at the RO
element exit for cyclic SBRO at overall water recovery (Y) of 79% (Runs #2d, 3d, and 4d;
Table 4-1) for a fixed permeate (¢p) and RO element feed (gr) flow rates (Table 4-1) and for
flushing duration of ®r,=1, 2.2 and 4.4. The dashed lines represent the element exit concentrate
salinity at the beginning and end of each filtration cycle. Note: the RO element feed salinity is
related to the exit element salinity as per C. /C. =(1-Yq,) / (1-(1-Ry)Ys ) (Section 4.2.2).
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As summarized in Table 4-1, for the recovery range of 46%-79% and flushing duration in the
range of @r,=1 — 4.4, the stable filtration period cycle-to-cycle salinity of the element feed and
exit streams were all higher than their values at the initial (i.e., first) SBRO cycle. Complete
flushing of the excess accumulated salt from the RO system was not attainable for a flushing
period equal to the convective residence time (®r;=1). For a given recovery (for the same raw
feed water salinity and element crossflow velocity), lengthening of the flushing period required
a longer filtration period.
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Fig. 4-11. Predictions (solid lines) and experimental data (filled circles) of salinity profile (as
per Eq. (4-11)) during a filtration period for multiple cycles for Test Run #2d (Table 1) for
SBRO operation at overall recovery of 79% and raw feed salinity of 1,000 mg/L TDS.

The progressive salinity rise of the RO unit feed and concentrate during the filtration period
is illustrated in Fig. 4-10, for the conditions of Runs #2d, 3d, and 4d, (Table 4-1). Model
predictions of the element exit salinity rise during the filtration periods (Section 4.2.2) closely
match the experimental data as shown in Fig. 4-11. Correspondingly the applied pressure
increases over the filtration duration and a lower applied pressure is required during the

flushing period (Section 4.4.2). As shown in Fig. 4-10, the stable cycle-to-cycle concentrate

salinity at the beginning and end of filtration period can rise significantly above those for the
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initial (i.e., first) SBRO cycle. This is a consequence of incomplete flushing of the excess
concentrate salinity from the system. With increased flushing duration, for a given target
recovery, a longer filtration period is required and as a consequence a higher salinity at the
filtration period end.

For the test conditions over the recovery range of ¥ = 0.46 — 0.79, the filtration period
element feed and concentrate exit salinity of the stable cycle-to-cycle operation rose by factor
of 1.8—-4.2,1.5-3.0,and 1.3 — 2.2 for O of 1, 2.2 and 4.4, respectively, relative to the initial
SBRO cycle (i.e., n=1) (Fig. 4-12). As expected, for a given recovery, a longer flushing
duration required a longer filtration period and, as a consequence, a greater rise in the filtration
period salinity. Opting for a shorter flushing period, higher rise in the stable cycle-to-cycle
filtration period RO unit salinity and thus higher SEC as discussed in Section 4.2.5. Clearly, a
shorter flushing period is desirable, but even at the minimum flushing condition of ®@r.=1 the
concentrate salinity at the beginning and end of the filtration period increased significantly (e.g.,
by a factor of 6.9 and 2.4, respectively, for ¥ =0.79 in run #2d) above those at the initial (i.e.,
n=1) cycle. As shown in the example of Fig. 4-12 — 4-16, for a fixed flushing duration of ®r.=1,
increased recovery necessitated a longer filtration period; this resulted in a higher stable cycle-
to-cycle element exit concentrate salinity at the beginning and end of the filtration period by
factors of 1.8 —4.2 and 1.4 — 1.7, respectively, relative to the first cycle (n=1) filtration period

over the recovery range of Y =0.46—0.79.
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Fig. 4-12. SBRO concentrate salinity (mg/L, TDS) at the RO element exit for stable cycle-to-
cycle SBRO operation for overall water recovery of 46%-79% and flushing period of @r =1
(Runs 2a, 2b, and 2d, Table 4-1). The dashed lines indicate as a reference the salinity at the

n=1 n=1
SBRO element exit at the filtration period beginning ((CC )i - ) and end ((CC )f - ).
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Fig. 4-13. Salinity of the concentrate exiting the RO unit (Cc¢) in stable cycle-to-cycle SBRO
operation for water recovery of 46 % and flushing durations of (a) ©,,=1.0, (b) ©,,=2.2, and

(c)©,,=4.4.
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Fig. 4-14. Salinity of the concentrate exiting the RO unit (C¢) in stable cycle-to-cycle SBRO
operation for water recovery (¥) of 62 % for flushing durations of (a) ©,,=1.0, (b) =22,

and (c) O, =4.4.
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Fig. 4-15. Salinity of the concentrate exiting the RO unit (Cc¢) in stable cycle-to-cycle SBRO
operation for water recovery (¥) range of 74% for flushing durations of (a) ©,,=1.0, (b) ©,, =2.2,

and (¢) ©,,=4.4.
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Fig. 4-16. Salinity of the salinity of the concentrate exiting the RO unit (Cc) in stable cycle-to-
cycle SBRO operation for water recovery (¥) of 79 % for flushing durations of (a) ©,,=1.0, (b)

0,,=2.2,and (c) 0, =4.4.

The cycle-to-cycle increase of the element inlet and exit salinity at the beginning of the
filtration period in each cycle in the SBRO operation is due to incomplete flushing of the
accumulated excess salt in the RO system. As shown in Fig. 4-17, it is clear that, in order to
achieve complete flushing of the excess salt from the system (i.e., F(®rz)=1), one would have to
employ an impractically long flushing duration which would in turn lead to either a significant
reduction in the overall recovery (see Eq. (4-5)) or an increase in the filtration duration (e.g., see
Fig. 4-2). For the given flushing duration (®r, = 4.4), the flushing efficacy, as shown in Fig 4-17,

was nearly identical with variability of less than + 5% over the test condition of the element exit

concentrate salinity at the end of the filtration periods, (CC ) in the range of 5,578 — 16,770

f,FT?

mg/L TDS.
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Fig. 4-17. Variation of the flushing efficacy F(Or.) (Eq. (4-35), Section 4.2.3) with flushing
time (®=t/t, where ¢ and 7 are the time and the convective residence time) in response to a
change in SBRO operation from total concentrate recycle to a single-pass RO operation (i.e.,
SPRO) for raw feed salinity of 1,000 mg/L TDS. Note: F(®rz) is shown for the cases of
concentrate salinity at the SBRO element exit at the end of the filtration periods (i.e., prior to
flushing) of 5,578 and 16,770 mg/L TDS.

The similarity of F(®) over the range of test conditions, as shown in Fig 4-17, is not
surprising given the expected similar impact of dispersion at the same flow rate employed for
the tests listed in Table 4-1. The above suggests that given F(®) function, for a specific SBRO
system feed and permeate flow rates (i.e., gr and g, respectively), one can estimate the inlet
and exit element salinities for the filtration and flushing periods over a wide recovery range
(Eqgs. (4-11) and (4-18)).

One may be tempted to argue that perhaps near ideal flushing under plug flow may be reached
ifan SBRO system can be designed such that dispersion is only of consequence in the RO element.
However, dispersion studies (Fig. 4-18) with spiral-wound RO elements [44, 45] suggests that,
complete concentrate flushing would have to be of duration significantly greater than the
convective residence time (approximately by a factor of 2 — 4) for these RO elements. Moreover,
achieving complete flushing of commercially deployable SBRO systems, within one convective

residence time (or single holdup volume), would require having ideal plug-flow, without dispersion,
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throughout the entire SBRO system (i.e., RO element and all relevant system hydraulic
components). Accordingly, it is argued that for proper evaluation and comparison of the operation
of SBRO systems, it is essential to compare the dispersion behavior via quantification of the

effectiveness of excess concentrate flushing and its impact on the SEC as discussed in Section

4.24.
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Fig. 4-18. Cumulative RTD function (Section 2.3) for spiral wound RO elements based on data
reported in [44, 45] for 2.5” bench-scale (BW2530, FILMTEC) spiral wound RO elements in
[44] and for and 8” industrial module (SWC1, Hydronautics) in new and worn condition in
[45] at cross flow velocity of about 4, 7, and 10 cm/s, respectively.

4.4.2 Energy consumption

The SBRO performance data and model predictions demonstrated that SBRO operation is
highly dependent on the post-filtration flushing efficacy. Incomplete excess salinity flushing
(post-filtration) leads to progressive rise in the RO unit salinity (Fig. 4-10) until a stable cycle-
to-cycle operation is reached and correspondingly a higher required applied pressure (Figs.

4-19a-c).
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Fig. 4-19. The range of SBRO membrane element inlet applied feed pressure (APy) at different
levels of overall water recovery (Y) for flushing durations (®r.) of (a) 1.0 (Run #1), (b) 2.2
(Run#2), and (c) 4.4 (Run #4) where the range of /(®r;) values are provided in Table 4-1. The
upper solid curve and horizontal solid line represent the applied pressure for ideal SBRO
operation at the beginning, (AP min, and end, (APy) max, of the filtration period, respectively;
Note, ideal SBRO operation refers to complete flushing (i.e., F(®r) =1.0 as; Eqs. (4-11),
(4-25), and (4-28)). Note: the upper horizontal axis provides the filtration time (®rr) scale
based on Eq. (4-5) for the indicated flushing duration.

Inter-cycle salt accumulation in the SBRO system is reduced with longer flushing and as a
consequence the applied pressures, both at the beginning and end of the filtration cycle, for a
given recovery, can approach the applied pressures for ideal SBRO operation (i.e. F(Or) =1.0).
However, the longer required filtration duration (to attain the target recovery) leads to increased
energy consumption as is also evident from Eqs. (4-23) and (4-26). The tradeoff, however, is
that a longer filtration period is needed to achieve the set recovery; thus, a higher concentrate
buildup necessitates the application of a greater applied pressure (i.e., above that of the ideal
case; Fig. 4-19a). For example, at recovery of 79%, upon increasing the flushing duration from

Or =1 to 4.4 (i.e., by a factor of 4.4), the required filtration duration increased by a factor of

4.3 (i.e., from 13.4 min to 58 min).
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The SBRO SEC required for the separation (i.e., desalination) accomplished in the RO
element itself for the stable cycle-to-cycle operation is shown in Fig. 4-20 for the operating
conditions listed in Table 4-1. The above example provides the experimentally determined and
model predicted element SEC based on Eq. (4-29), in addition to the SEC for ideal SBRO
operation (i.e., ideal flushing for which F(®rz) =1.0; Eq. (4-14)) and for SPRO RO (Eq. (4-33)).
For a given recovery the SEC increases with increased flushing duration since the filtration
period must also increase to attain the prescribed recovery. For the present SBRO system, the
SEC is above that of SPRO operation. For example, as the overall recovery increases from 50%
to 80%, the SEC for SBRO at ®r;=1 is about 6% and 16% greater, respectively, than for SPRO
and correspondingly 9% and 29% above the SEC for SBRO with ideal flushing.

It is stressed that the above SEC analysis addresses only the fundamental aspect of the
SBRO and SPRO separation process as afforded by the operational mode involving the RO
elements. Admittedly, the efficiency of energy recovery can have a significant impact,
particularly for operations at low single-pass recovery (Eq. 4-29). For example, the overall
SBRO system SEC for the level of energy recovery of 90% achieved with the present small
SBRO system, operating at 10% single-pass recovery, would be about twice that level that

would be achieved with an ideal ERD (i.e., 77.;=1). Operating the same SBRO system but

with sufficient elements for 50% single-pass recovery, at the same 90% level of energy recovery,
would lead to a system SEC that is 10% higher than for SBRO with an ideal ERD. It is stressed
that projections of the actual system SEC for desalination (as opposed to the element
separations SEC) for practical/field deployable SBRO systems, as well as for various RO
configurations, is challenging since pumps and ERDs efficiencies are likely to vary with the

feed pressure, flow rate and recovery [10, 140].
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Fig. 4-20. RO element specific energy consumption (SEC) experimentally determined as per
Eq. (4-23) (based on element feed pressure and normalized with respect to the raw-feed water
osmotic pressure) as a function of overall water recovery (Y) compared with theoretical
predictions as per Eq. (4-29)) at ©®r=1.0, 2.2, and 4.4 with fixed salt rejection Rs=99.7% and
single pass water recovery Ysp =9.2%. The results were compared with theoretical predictions
in Eq. (4-33) for single-pass RO (SPRO; [190]) as well as SBRO operation with ideal flushing
of duration equal to the convective residence time (i.e., F(Or,)=1 and where @r;=1.0).

In theory, SBRO with ideal flushing would lead to measurably lower SEC than for SPRO.
For example, the SBRO SEC for a system with a single pass water recovery of 9.2% would be
about 3% and 13% below SPRO for 50% and 80% recovery. In reality, it is infeasible to achieve
complete removal of the excess concentrate salinity from the SBRO system within a flushing
time equivalent to the convective residence time (for an element flow rate identical for both
the filtration and flushing periods). Clearly, the SEC for the SBRO operation will depend on
the efficacy of concentrate flushing. Therefore, characterization of practical SBRO systems and
their operation must be based on real-time monitoring of the applied pressure during both
filtration and flushing periods applied starting with the initial cycle up to and including the

condition of stable cycle-to-cycle operation. At the same time, in order to provide a complete

characterization of the SBRO system, it is critical to provide the RO element concentrate and/or
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feed salinity versus time profiles for over the filtration and flushing periods. Such information,
when expressed in terms of the flushing efficacy (or residence time distribution or RTD), can
form the basis for direct comparison of the operational characteristics of different SBRO and

single-pass RO systems with or without partial concentrate recycling [190].

4.5 Summary

The operation of semi-batch RO (SBRO) desalination was investigated via an operational
model and laboratory studies with a focus on evaluating the efficacy of SBRO concentrate
flushing and its impact on the specific energy consumption for desalination. SBRO operation
was modeled considering progressive SBRO cycles consisting each of an operational period in
total recycle mode (i.e., termed as “filtration” period), followed by a short flushing period to
remove the excess concentrate salinity that has accumulated in the RO system. Model analysis
and experimental data clearly showed that incomplete flushing would lead to increased SEC.
Experimental tests over a wide range of product water recovery demonstrated, as expected,
improved level of excess salinity removal with increased flushing duration. Longer flushing
requires longer filtration duration, which in turn results in higher salinity buildup in the SBRO
system and hence a higher SEC. The present small-scale SBRO system did not reveal the
potential energy benefits of SBRO (as suggested in literature) relative to single-pass RO (SPRO)
operation. However, it was shown that for SBRO operation with complete flushing, and for a
duration equivalent to the system convective residence time, SBRO would indeed allow
operation at a lower SEC relative to SPRO. The present work suggests, however, that in
practical SBRO systems it may not be possible to achieve complete concentrate flushing within

a period of one convective residence time. Therefore, in order to properly evaluate and compare
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the effectiveness of SBRO systems it is imperative to quantify the efficacy of concentrate
flushing by providing detailed data on the concentrate salinity profiles during both the flushing
and filtration periods. Such information could then be used to extract the cumulative residence
time distribution for unambiguous comparison of SBRO performance as well as determination
of the desalination SEC energy based on the present modeling of SBRO cycles and direct
measurements of the applied pressure. SBRO operation, while may provide advantages in some
cases, depending on the ability of achieve high efficiency concentrate flushing, presents an
operational flexibility, as does SPRO with partial recycle [190], in terms of attaining a wide

range of recovery using a single system.
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Chapter 5 Scaling Propensity in RO desalination with
concentrate recycling

5.1 Overview

This chapter presents experimental data comparing mineral scaling propensity in SBRO and
SSRO-PR operations using gypsum as a model scalant. Gypsum mineral scaling was quantified
based on evolution crystal formation and growth on the membrane surface imaged by ex-situ
direct observation membrane surface monitor (MeSuM) interfaced with a spiral-wound pilot
scale RO system. Membrane surface image analysis enabled quantification of gypsum scaling
kinetics in terms of both the number density of gypsum crystals and the extent of membrane
surface scale coverage. Mineral scaling in SSRO-PR operation, at a given level of solution
supersaturation, was compared to that in SBRO for operational scenarios at the equivalent time-
averaged solution supersaturation, and also for operation at equivalent water recovery. The
dissolution rate during the SBRO flushing period was determined in order to estimate the time
scale necessary for complete removal of crystals at various size. Also, the growth rates of single

crystals in both SBRO and SSRO-PR were evaluated based on the diffusion-growth model.

5.2 Introduction

A comparative analysis of mineral scaling in SBRO versus conventional steady-state
single-pass RO (SSRO-SP) was recently reported [48] in which the “membrane exposure time”
to supersaturated scalant (calcite and gypsums) solution was compared to the “observed
crystallization induction time”; the latter was extracted from data for nucleation/crystallization
in solution without added seeds [95]. For SSRO-SP, the membrane exposure time (to the

supersaturated solution) was taken to be the period between membrane cleanings (order of
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months or longer, [198-200], while, for SBRO, the permeate production (filtration) period
(~minutes to hours, [162, 166]) was considered as the relevant exposure time. It was then
asserted that, under supersaturated feed water conditions in the membrane module (i.e., w.r.t
the target scalant), the period of membrane exposure to the solution in SSRO-SP is likely to be
longer than that in SBRO [48]. Given the above, it was argued that the propensity for surface
scaling in SBRO can be reduced by maintaining the membrane exposure time to the
supersaturated feed below the “crystallization induction time”; the latter was considered to be
the nucleation induction time for crystallization in solution reported in [95]. Based on the above
argument, it was proposed that for the same RO raw feed water and target water recovery, a
lower degree of mineral scaling should be expected in SBRO relative to SSRO-SP.

It is important to note that, to date, experimental data have not been published on membrane
mineral scaling to confirm the suggestion that mineral scaling propensity will be lower in
SBRO relative to SSRO-SP. Moreover, the use of induction time obtained from crystallization
in solution for gaging the propensity for membrane mineral scaling as reported in [48] is
questionable given that the heterogeneous crystallization (on membrane surfaces and in the
presence of seeds) induction time is significantly shorter, relative to the induction time for
crystallization in solution, as documented in previous studies [73, 85, 95]. For example, for
gypsum solution that is about 40-70% above saturation, the observed crystallization induction
times in membrane scaling tests were in the range of 10 — 0.5 h [73] relative to 30 — 7 h reported
for nucleation in a stirred vessel at ~60-85% above supersaturation [95]. High resolution SEM
imaging of scaled RO membranes [85] revealed that mineral scaling can be traced to nanoscale
crystals that appear to nucleate directly on the membrane surface. A later study reported that

there was no clear evidence of a true crystallization induction time on RO membranes (in
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single-pass operation) for solutions up to 70% above saturation for gypsum [84].

It should be acknowledged that nucleation is a stochastic process with a distribution of
induction times which depends on the level of solution supersaturation [89]. It is often reported
that crystallization in solution is governed by homogeneous nucleation above a threshold
supersaturation level (with respect to the target mineral salt) while it is regarded as
heterogeneous at higher levels of supersaturation [92, 95, 201]. Admittedly, the reported
observed crystallization times, for a given operating condition, are likely to depend on the
resolution of the employed detection method. Irrespective, of the actual value (or distribution)
of induction times, it is irrefutable that the published data suggests that the “observed
crystallization induction time” for heterogeneous nucleation (on either RO membranes or the
presence of added seeds), as opposed to crystallization in solution (without added seeds), is the
relevant induction time for assessing the onset of membrane mineral scaling in RO membrane
desalination.

In order to optimize SBRO operation with the aim of achieving high recovery while
avoiding the crippling impact of membrane mineral scaling, it is important to quantify
membrane surface crystallization kinetics during repeated filtration-flushing cycles.
Accordingly, an experimental study was undertaken of mineral scaling under SBRO operation,
relative to SSRO-PR (Section 0) in which a direct real-time membrane surface imaging was

employed (Section 5.3.3) to detect the onset of membrane scaling.
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5.3 Experimental
5.3.1 Materials and solution

Scaling experiments were carried out in which calcium sulfate dihydrate (CaSO4-2H;O;
i.e., gypsum) was used as the model scalant (Table 5-1). The test solutions were prepared by
dissolving equimolar amounts (8 mM) of reagent grade CaCl,-2H>0O and Na>SOs (Fisher
Scientific, ACS grade, Pittsburgh, PA) in deionized (DI) water in a 757 L (200 gal) polyethylene
feed tank, stirred by a mechanical mixer. The solution pH was adjusted to 7.0 by addition of
HCI or NaOH. The level of gypsum supersaturation was quantified in terms of the saturation

index, Sl =(Ca*)(SO,”")/ Ky, where Ksp is the solubility constant for gypsum at chemical

equilibrium, (Ca’") and (SO4") are the calcium and sulfate ions activities in solution,

respectively.

Table 5-1. RO Feed solution
Concentration

Analytes (mg/L)
Na* 367
Ca®* 320
CIr 566
S04 767
TDS® 2020
Sly® (at 25°C) 0.4
pH 7.0

(a) TDS: Total dissolved solids; (b) SI,: gypsum
saturation index

The feed to the RO system was maintained at 25 + 1°C using a copper-brazed heat
exchanger and a recirculating chiller (VWR Scientific 1171-P, Radnor, PA). The RO system

housed a single spiral-wound element measuring 2.5 inch in diameter and 40-inch in length
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(CSM RE-2540-BE; Toray Chemical Korea Co., Seoul, Korea) having a 2.5 m? active
membrane surface area, average water permeability of 2.4 L/m?-h-bar (measured at operating

pressure of 10 bar), and salt rejection of 99.5% determined using a ~2,000 mg/L NaCl solution

at 25 °C and 15 bar [148].

5.3.2 Spiral wound RO system for SBRO and SSRO-PR operations

) RO S3
Membrane

(c) SSRO-PR (d) Photograph of RO/MeSuM system

Fig. 5-1. Schematic of the experimental setup, for the RO system and the membrane scaling
tests that utilized a membrane surface monitoring (MeSuM) system, for the operational modes
of: (a) SBRO filtration, (b) SBRO flushing, and (¢c) SSRO-PR desalting. Streams S1 and S2 are
the raw feed streams before and after filtration pretreatment, respectively; S3 and S4 denote
the RO element feed and concentrate streams, respectively; streams S6 and S7 are those of the
concentrate recycle and discharge, respectively; and stream S9 is the discharged flow portion
of concentrate stream S6 during SSRO-PR operation, (d) pilot scale RO system and MeSuM
with 1) single spiral-wound element in a pressure vessel, i1) pre-treatment cartridge filters, ii1)
system controls and data acquisition/processing, iv) dark chamber for plate-and-frame
membrane cell, v) imaging system.
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Scaling tests were conducted using a pilot-scale flexible spiral wound RO system (FLERO;
detailed in [190]) that could be operated in the modes of either steady-state RO with partial
concentrate recycle (SSRO-PR) or SBRO (i.e., total concentrate recycle during the filtration
period with periodic automated flushing). Briefly, the RO system, configured with a brackish
water single spiral wound RO element (Section Materials and solution), had a permeate
production capacity of up to 1.5 m*/d (400 gpd) for brackish water of salinity up to 5000 mg/L.
Prior to entering the RO system, the raw-feed water was pretreated with cartridges filters of
sizes 20, 5 um (cellulose pleated 2-1/2”x10”, Ocean Link Inc., Portsmouth, RI; F1 and F2,
respectively on Fig. 5-1).

The pretreated raw feed stream (S1, Fig. 5-1) was mixed with a portion of the RO
concentrate stream (S8) at the mixing point (M1) to form the RO element feed water. The RO
element feed was further pretreated by 0.2 um plastic filter (Polysulfone Plastic, Harmsco,
North Palm Beach, Florida, F3 in Fig. 5-1) in order to remove undissolved residue or impurities
from entering the membrane module. The feed water was pressurized and conveyed to the RO
element using a combination of positive displacement vane pump (Mag Drive, PROCON
Products, Smyrna, TN, P2 in Fig. 5-1) and a hydraulic pressure intensifier pump (Clark Pump,
Spectra Watermakers, San Rafael, CA, ERD in Fig. 5-1) which provides an energy recovery
function.

The RO element feed and exiting concentrate pressures were monitored using in-line
pressure transducers (Type S-20 4-20 mA, Wika, Klingenberg, Germany). The volumetric flow
rates of the RO element feed (¢r) as well as that of the permeate (gp) were measured by in-line
flow transmitters (Signet 8550, George Fischer Signet, Inc. El Monte, CA), and controlled by

the pump’s DC speed controller (Model NEMA 4X, DART Controls, Zionsville, IN). Electrical
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conductivities (EC) of the raw feed, membrane element feed, RO concentrate, and permeate
streams were monitored with in-line £C sensors (Signet 2850, George Fischer Signet, Inc. El
Monte, CA) to determine salinity in each stream. Programmable Automation Controller (PAC)
served for data acquisition of all sensor measurements and automated control of all actuated
valves and system pump. It is noted that the 3-way valve, V3 (Fig. 5-1) served to set the system
operation for filtration or concentrate flushing, valve V2 enabled control of the membrane
monitoring system, and in-line needle valve V4 (ARO 1/2" 104104-N03, Bryan, Ohio)

established the level of partial concentrate recycle in SSRO-PR operation.

5.3.3 Membrane Surface Monitor

The ex-situ Membrane Surface Monitoring (MeSuM) system consisted of a plate-and-frame
RO membrane cell (Fig. 5-2) with a transparent acrylic block in which the feed channel was
engraved with a channel height of 2.5 mm, width 2.25 cm and length 5.0 cm and specialized
lighting arrangement and optics with a high-resolution imaging (Fig. 5-2). The system
construction followed the general principles of the UCLA ex-situ scale observation detector
(EXSOD) described in-depth elsewhere [51, 75, 100, 202]. The feed pressure was monitored
by a pressure transducer (Model Type S-10, Wika, Klingenberg, Germany), permeate flux was
measured using a digital flow meter (SLI-2000, Sensirion, Staefa ZH, Switzerland), permeate
conductivity was monitored with an on-line conductivity meter (PCS-54, HM Digital, Redondo
Beach, CA), pH was measured with a pH meter (Model pH 110, Oakton Research, Vernon
Hills, IL), and volumetric flow rate of the brine stream controlled by hydraulic valve actuator
(MCJ-050AB, HANBAY, Virginia Beach, VA) was measured with a flow transmitter

(McMillan flow 101-7, McMillan Company, Georgetown, TX).
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For real-time optical monitoring of the surface of the membrane coupon (on the retentate
side), a charge-coupled device (CCD) camera (Dino-Lite Pro AD4113TL-FVW, Torrance, CA)
was installed on top of a XY table (drylin SHT-XY-12 Linear module, Igus, East Providence,
RI) for precise and reproducible positioning of the camera along the leadscrew system. The
membrane cell and the camera module were enclosed in a black nylon polyphenylene oxide
(PPO) and aluminum casing, respectively, to prevent interference from external lighting (Fig.
5-2¢). A PC based data acquisition system was utilized to allow real-time process monitoring

and data recording from the MeSuM system (Fig. 5-3).
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Fig. 5-2. Membrane Surface Monitoring system (MeSuM) (a) 3-D design of the membrane cell
with 1) permeate port, 2) feed port, 3) concentrate port, 4) a digital camera, 5) 3D slide table,
6) the mechanical valve, V2 (Fig. 5-1), (b) photograph of the plate-and-frame acrylic
membrane cell blocks with 7) o-ring, 8) and stainless steel plate spacer, and 9) engraved feed
channel, (c) photograph of the assembled MeSuM system, and (d) photograph of the system
with 10) the stainless-steel dark cover, 11) peristaltic pump for DI water flushing, and 12)
electrical box.

MeSuM receives a high-pressure retentate (i.e., concentrate) side-stream from the RO spiral-
wound element exit spiral (Fig. 5-1). The crossflow velocity in the membrane monitoring cell

was adjusted via valve V2 (Fig. 5-1), and given the negligible pressure drop in the MeSuM its
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feed pressure was essentially equivalent to the feed pressure at the RO element exit. The
MeSuM membrane surface (Slgm) was determined, for the given operating conditions, based
on the computational fluid dynamic model for the plate-and-frame flow channel previously
described [47] along with detailed quantification of concentration polarization. The MeSuM
operation was set to match the S/, values at the element exit and in the MeSuM surface

imaging location by adjustment of the crossflow velocity.
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Fig. 5-3. Graphical user interface on the Membrane Monitoring system.

The size and number density of surface scale crystals, in the observation region (0.79
cmx0.63 cm), located 1 cm from the channel exit, were determined by specialized image
analysis software (Image], v1.52a, 2019) for membrane surface images captured at
predetermined time intervals (typically 5-15 minutes). With the current resolution of surface
imaging, surface crystals of initial areas in the range of 40 — 80 um? were identified and outlined.
Subsequently, the crystal number density and area of each crystal (4s) were calculated.
Tracking the growth of individual gypsum crystals was carried out for crystals that did not
overlap with neighboring crystals over the period of growth being tracked (up to ~10% surface
scale coverage). The employed surface imaging system was at a resolution that precluded

imaging of nanoscale nuclei and thus the determined rate of crystallization does not reflect real-
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time rate of nucleation. However, the approach provides the observed rate of crystal appearance
on the membrane surface and surface coverage by gypsum scale which was determined via the

image subtraction method described in [75].

5.3.4 Gypsum scaling experiments
The overall system water recovery for semi-batch RO (SBRO) operation is defined as

Y =V, /V, where V}, and V, are the total volume of produced permeate and supplied raw feed

water, respectively. Considering constant permeate productivity both in the RO filtration and
the flushing periods (Fig. 4-1), the overall SBRO recovery can be written in terms of the

filtration and the flushing durations (f7r and fr, respectively) as Y =

( ;n g-dt + _Ltn e qut) / (I;FT godt + f: e Ao dt) , in which ¢, and ¢, are the permeate and the

raw feed flow rates, respectively. Accordingly, the overall recovery (Y) in SBRO is governed
by the ratio of the durations of #7r to #rz and the single-pass system recovery (Ysp) as given by

the following expression:

Y = (YSP '(tFT /tFL ) +Yep )/(YSP '(tFT /tFL ) +1) (5-1)

In the present study, the concentrate flushing period (100 s) was a factor of ~3 longer than the
system convective residence time (i.e., 7=F/gr in which V and gr are the vessel volume and
membrane module feed flow rate, respectively). The above flushing period was selected based
on a reasonable tradeoff between reaching the desired range of recovery and flushing efficiency
which in the present work allowed the stable cycle-to-cycle operation to be reached within 2-3
filtration/flushing cycles. SBRO operation was facilitated by controlling the three-way
solenoid valve V3 (Fig. 5-1) in order to shift the operating modes between filtration to flushing

(Fig. 4-1). During the SBRO filtration period (Fig. 5-1a), V3 was set to allow the concentrate
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stream (S8) to continuously mix with the pre-treated raw feed water stream (S1). At the
filtration period termination, concentrate flushing was initiated by setting V3 to discharge the
concentrate stream to the feed tank (Fig. 5-1b). In SSRO-PR operation, valve V3 was set to
recycle the concentrate stream (S5) from the membrane module to mix (at mixing point M1)

with the pretreated raw feed stream (S2), and concentrate recycle level controlled by valve V4

(Fig. 5-1c). The overall water recovery (¥) for SSRO-PR is given by Y =Y, -(1+R) (Eq.

(3-2)), in which the recycle ratio is defined as R =qy /g, where gr and go are the flow rates

of the concentrate recycle and the raw-feed streams, respectively. Scaling tests for both SBRO
(filtration and flushing periods) and SSRO-PR operations were carried out at a crossflow
velocity of 15 cm/s and RO element feed flow (i.e., equivalent to gr =8.9 L/min). The above
crossflow velocity was within the range of recommended operating condition for the present
membrane element (22 — 29 L/m?-h [148]).

Following the approach in [100], the calcium ion concentration in the concentrate stream
was determined by correlating the electrical conductivity with the calcium ion concentration,
for the present solution of equimolar calcium and sulfate ions. The correlation was derived
based on simulation results from a multi-electrolyte thermodynamic simulator [188] for

different levels of the feed solution (Table 5-2) concentration factors. The resulting relationship

for the calcium ion concentration, [ Ca2*] (M), was expressed as [Ca’']= (EC /160)1'25, in

which EC is the solution conductivity (mS/cm). The gypsum saturation index (Section 5.3.1),

was correlated with the calcium ion concentration as Sl = 62.1[Ca*']-0.125. The above

correlations, which are consistent with previous work [100], are applicable to S/, range of 0.35
— 3.5 and calcium ion concentration range of 7 — 57 mM which are the relevant ranges in the

present study.
129



Consistent with earlier work [190], (SIgm)exic Was obtained given the bulk calcium
concentration of the RO concentrate and its calculated value at the membrane surface based on
the concentration polarization correlation for the spiral-wound membrane element [148].

Accordingly, the concentration polarization modulus (CP) was determined from

CP=(C, /C)=exp(0.7Y ), in which C and C, denote the solute concentration in the bulk

and at the membrane surface, respectively.

Table 5-2. Experimental conditions

Overall Filtrati Concentrate stream
Operating ~ Water pration Recycle (at RO element exit)
Run time, trr :
mode Recovery (min) Ratio, R (Slg,m)exit TDS
Y (%) Average (range) (mg/L)
1a 40 9 1.2(0.73-1.7) 2700 —5500
b  sBrO® 50 14.3 NA 1.6 (0.86 - 2.4) 3100 - 7700
1c 55 17.7 1.9(0.99-2.8)  3600—8900
2a 50 NA 4.3 1.2 4100
2 SO e 5.3 16 5300
2cC 65 5.8 1.9 6000

Note: all experimental runs were carried out at a crossflow velocity of 15 cm/s and RO element
feed flow rate. The system convective residence time was ~33 s, and the permeate flux was
maintained at 19.7 L/(m*-hr) (equivalent to permeate flow rate of gp =0.82 £0.1 L/min)
achieving a single pass water recovery of (Ysp) of 9.5%.

Scaling tests were carried out for different levels of time-average SI; at the membrane
surface at the element exit (i.e., (Sgm)exir). The (Slgm)exic range of 1.2-1.9  (in Table 5-2) were
set by the overall recovery given that all tests were maintained at the same RO element feed
flow rate. For SBRO these (Slgm)exic are the time-averaged values over the filtration period
during which (S7g m)exir ranged from 0.73 — 2.8 over the range of recovery of 40-55% achieved

with filtration time of 9-17.7 min and flushing period of 100 s. Prior to each scaling experiment,

the spiral wound RO system (either in SSRO-PR or SBRO modes) along with the interfaced
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MeSuM unit were conditioned for 30 min by pumping the model feed solution (Table 5-1)
through the system without concentrate recycling at a feed flow rate (¢r) of 8.9 L/min and feed
pressure of (Py) of 10 bars. For both the SBRO and SSRO-PR tests, at the termination of each
scaling test, the system was completely cleaned by circulating DI water through the system

channel for 30 min at a flow rate 8.9 L/min and 3 bar feed pressure.

5.4 Result and discussion

5.4.1 Operation of SBRO and SSRO with partial concentrate recycle

The variation of the average concentration of a given solute (as well as salinity in terms of
TDS) in the membrane module, Cp, during filtration in SBRO operation (Fig. 4-1) can be
assessed from the following solute material balance:

dc,
dt

\%

=00Co —0:Cp (5-2)

where Co and Cp are the solute concentrations in the raw-feed and the permeate streams,

respectively, and ¢ is the filtration duration. Given the approximation ofC, = (C. +C;)/2,

where Cr and Cc are the concentrations at the element entrance and exit, respectively, and

considering an ideal membrane (i.e., 100% salt rejection, it can be shown that and

C, = [(2 Yo )/ 2] C. . Equation (5-2) can be written in terms of the solute concentration at
the element exit as dC. /d® =2Yy, /(2—Yy ), in which C." is the dimensionless solute

concentration ratio of the concentrate to that of the raw feed (i.e., C. =C./C, ), and @ is the
dimensionless time (i.e., Section 5.3.4). Therefore, given Cc* at the beginning of a given

filtration period, i.e., (C )O, Eq. (5-2) can be solved to provide the following expression for

*
Cc
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*

C. asa function of ®, given by:
(Co) =2V /(2-Ys )@ +(Cs) (5-3)
The solute concentration, at the end of the SBRO filtration period (® = © r1), (C: )f , can

be obtained from Eq. (5-3) as (C¢ )f = 2Y4, /(2= Y )*®; +(Cg ) - Itis noted that the overall

water recovery, Y, in SBRO is governed by the attainable single-pass RO train recovery (Ysp)

and the ratio of filtration/flushing durations (@, /®., , Eq. (5-1) in Section 5.3.4). At the end

of the filtration period, the solute concentration at the membrane surface (at the element exit),
* f . . . . . .
(Cc,m) , can be determined by incorporating the concentration polarization modulus (CP,

Section 3.3.3) in Eq. (5-3), as expressed below:

*

(Cc,m )f = CP|:2YSP /(2 —Yer )'®FT + (Cé )0} (5-4)

Given Eq. (5-4) and the correlation for the S/-scalant ion concentration (Section 5.3.4), the

scalant S at the membrane surface at the element exit, (S/gm)exir, at the beginning and end of

the filtration period, (SI om )O

exit

f . .
and (SI om ) > respectively, can be obtained. For example, the
! exi
surface saturation level (at the element exit at the membrane surface) during the filtration

period can be obtained as (Slg'm)

= 62.1(CP -Cy -[ZYSP/(Z ~Yg )@ +(Ce) J) ~0.125
based on S/-calcium ion concentration correlation (Section 5.3.4). The above analysis predicts
increased solute supersaturation at the membrane surface with increased overall recovery as
illustrated in Fig. 5-5), and with a prolonged flushing period at a given recovery (Fig. 5-4). The

above behavior is expected given the requirement of a longer filtration period to achieve the

target recovery with increased flushing duration.
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Fig. 5-4. Prediction of gypsum saturation index at the membrane surface (at the element exit),

at the end of a filtration period, i.e., (SI om )f o for the raw feed solution of S/,=0.4 (Table 5-1)

and at a given (SI om ):xit of 0.73 (same as test condition #1a, Table 5-2) at the beginning of
the filtration period in stable SBRO operation with flushing periods of (a) ®r=1 and (b) Or,=

3 for an element single-pass recovery of Ysp=9.5%.

In SBRO operation, the concentrate salinity, RO element feed pressure and saturation level
for gypsum at the membrane surface, as quantified by the saturation index SIg m, all increased
over the filtration period as the concentrate stream was continuously recycled (Table 5-2, Fig.
5-5 and Fig. 5-6) For SBRO operation with the raw feed solution salinity of 2,020 mg/L TDS
the membrane surface gypsum saturation index, S/gu, at the RO element exit increased over
the filtration period to values up to 1.7, 2.4 and 2.8, for the target overall water recovery of Y=
40%, 50% and 55%, respectively (Fig. 5-5, Table 5-2). The time-average Sl;» values for the
above conditions were in the range of 1.2-1.9. During the flushing period the SBRO operated
in single-pass mode (i.e., without concentrate recycle) and thus both the concentrate salinity
(Fig. 5-6) and Sl (Fig. 5-5) decreased over the flushing period to below saturation. At the
stable cycle-to-cycle SBRO operation both the element concentrate salinity and SI,,, were
consistently reset by the end of the flushing period to the same values at the beginning of the

filtration period.

133



It is important to recognize that the volume of raw feed water supplied to the RO system
during the flushing period was upto 3-fold higher than the system holdup volume itself (i.e.,
equivalent to residence time being 3 times the convective residence time). Yet, the Sl level
(at the RO element exit; Table 5-2) remained a factor of 1.8-2.5 above the raw feed water S/,
of 0.4 (Table 5-1) at the beginning of the filtration period (i.e., SIg,»=0.73-0.99, Table 5-2) in
multi-cycle SBRO operation. The above behavior is attributed to solute accumulation in the
RO system (over the period leading to the stable cycle-to-cycle operation) indicating that
complete concentrate flushing could not be attained even with the above reasonably long
flushing period. It is noted that, the flushing duration can be further increased to reset the
element feed salinity (and thus saturation level with respect to the mineral scale precursors) to
the initial condition at the initial SBRO cycle (i.e., =0). However, a longer flushing period
would necessitate a longer filtration period in order to maintain the target overall water
recovery (Section 5.3.4); this in turn would lead to both higher concentrate salinity and SZg,

by the end of the filtration period.
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5.4.2 The onset and evolution of gypsum Scaling

In order to compare the scaling propensity in the SBRO and SSRO-operational modes,

SSRO-PR scaling runs were carried out at (SIgm)exi: values that were equal to the time-average

as well as real-time

-5). The onset of gypsum scaling,

5

values in SBRO operation (Fig.

monitoring of the evolution of the number density and area coverage by gypsum scale were
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assessed via a membrane scale monitoring system (Section 5.3.3). Membrane surface
monitoring, as illustrated by the typical images shown in Fig. 5-7, clearly demonstrated an
increase in gypsum scale coverage with time and a greater degree of scaling in SBRO relative

to SSRO-PR.

(a) SBRO

(b) SSRO-PR

12 hr 24 hr

Fig. 5-7. Development of membrane surface scaling by gypsum crystals at # = 12 and 24 h
during (a) SBRO and (b) SSRO-PR scaling test (run #1a and #2a, respectively, Table 5-2) at
overall water recovery of Y=50 and 40%, respectively and at the same average saturation index
at membrane wall of SI;» = 1.2. The inset views are processed images of smaller segments of

the monitored area. The diagonal streaks (indicated with an arrow) are impressions resulting
from the membrane spacer.

Table 5-3. Observed crystallization induction time

Test # (S' ,m)exit .
(Table2)  Ave. (niin - max) te. ()

1a 12 (073 1.7) 8.1
SBRO 1b 1.6 (0.86 — 2.4) 3.2
1c 1.9 (0.99 - 2.8) 2.6

2a 1.2 12
SSRO-PR 2b 1.6 4.4
2¢C 1.9 3.0

Note: (SIgm)exi denotes the gypsum saturation index at the membrane
surface at the RO element exit, which increases over the SBRO
operation as shown in Fig. 5-5, and ¢¢; is the crystallization induction
time. The experimental conditions for above tests are provided in
Table 2, Section 2.4.
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Fig. 5-8. Evolution of gypsum crystal number density, N, (# of crystals/surface area) on the
membrane surface in SBRO and SSRO-PR operations at various level of gypsum saturation
index at membrane wall (Slg,m). Note: The Slgm varies with time in SBRO (as illustrated in
Fig. 5-5), and thus the time average of Slgm was indicated on the figure.

Although at the same (SZg,m)exir SBRO operation is at a lower recovery than SSRO-PR, when
compared at the equivalent level of gypsum supersaturation at the membrane surface, gypsum
scaling (in terms of crystal number density) appeared earlier in SBRO (Fig. 5-8). Accordingly,
as shown in Fig. 5-7, the crystallization induction time for SBRO operation, at a given time-
average (Slgm)exis, was shorter relative to SSRO-PR (Fig. 5-9, Table 5-3). The above behavior
should not be surprising given that the rate of nucleation and crystal growth increases with
supersaturation which in the SBRO filtration period can significantly surpass the initial value
and in fact be significantly above the time-averaged value (as shown by the SI range for each
of the SBRO tests; Fig. 5-7).

It may be tempting to argue that if the operational filtration period of SBRO is much shorter

than the nucleation induction time in the bulk or at the membrane surface (based on continuous

single-pass RO operation) then one would not expect scaling to occur in SBRO [48]. However,
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it should be recognized that crystal nucleation of sparingly soluble mineral salts is a stochastic
process [52, 73]; thus, there will be a distribution of induction times for any given level of
supersaturation [203]. Given the above, it is not unreasonable to expect that over the course of
multiple operational cycles, once a stable nucleus (or nuclei) is (are) formed (at any point in
time during a given filtration period), either directly onto the membrane surface [85] or in the

bulk followed by deposition onto the membrane surface, it will grow until the termination of

filtration.

3
o Maxt ® SSRO-PR
® I SBRO
E _ ;
g’_?\é o | (Y=0-65) (Slg,m)exn:
}_U‘ E:’ Ave Q 1.9 ........
% @/ _\ T 1.6
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n
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Crystallization induction time, tg; (hr)

Fig. 5-9. Variation of the crystallization induction time (zc;) with respect to the gypsum
saturation index at the membrane surface, (Slgm)exit, at RO element exit. The vertical data bars
indicate the (Slgm)exit range and average values during SBRO operation and filled circles denote
the SSRO-PR (Slgm)exit Value equal to the indicated time-average value in SBRO operation
(Fig. 5-5).

If complete removal (by dissolution) of the formed crystal is achieved during the flushing
period, with the undersaturated raw feed water, then SBRO would indeed provide a significant
advantage over conventional RO systems (both without and with partial concentrate recycle).

However, in the present work, the buildup of mineral scale with progressive SBRO cycles

suggests that complete removal of surface scale (which can be in the nano-scale range, [84])
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via flushing was not achieved, even with a flushing period being 3 times the convective
residence time. Given that scaling was observed with progressive SBRO cycles, it is likely to
conjecture that any remaining fragments of crystals on the membrane surface (post-flushing),
smaller in size than those which were detected by the present monitoring system, served as
sites for further crystal growth in the subsequent cycle. Consequently, with continued operation,
the extent of scale formation increased as quantified by the temporal evolution of the crystal

number density (Fig. 5-8).

5.4.3 Evolution of gypsum scale coverage

The development of surface scale was quantified in terms of the percent of the monitored
area covered by scale as illustrated in Fig. 5-10. Scale coverage progression was consistent
with the time evolution of the crystal number density (Fig. 5-8). Once surface crystals are
present at the beginning or formed during a filtration period they will continue to grow (if
supersaturated solution condition exists in the membrane channel) until the filtration period
ends. Subsequently, such crystals will be reduced in size during flushing due to dissolution to
an extent that will depend on the starting crystal size, level of under-saturation of the raw feed
water and membrane channel hydrodynamics (Section 5.4.4.2). Accordingly, once formed,
surface crystals (unless completely removed can grow larger with each successive SBRO cycle.

Overall, scaling is governed by both the rate of nucleation and crystal growth both of which
increase with rising level solution supersaturation w.r.t the scale precursors. It is tempting to
suggest that scaling will be less pronounced when the induction time for crystallization is
shorter than the overall RO system operational time. However, scaling is a stochastic process

and thus mineral crystals can nucleate and grow even under the scenario of periodic exposures
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of the RO membrane to a supersaturated solution as is the case in SBRO. Of course, the
argument that in SBRO operation, the so-called “crystallization induction clock” can be reset
periodically with flushing (and thus avoid progressive scaling) is compelling; however, one
would have to achieve the ideal condition of complete dissolution (removal) of all nuclei that
may have formed during in SBRO filtration. The above condition was not attained in the
present work, but it is conceivable that more effective flushing approaches could be developed.
However, one must recognize that for high recovery RO and water sources of high scaling

propensity, maintaining operational advantage of SBRO in terms of system recovery may be a

challenge.

10 8 O SBRO (Sl ).
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3 & ® SSRO-PR (I,
g 5 ° Sty Y (%
) 8 1.2; 50 y
8 € 4 6 60
5 o ) ’
@ & B

0

0 5 10 15 20

Fig. 5-10. Progression of percent membrane surface coverage by gypsum scale during SSRO-
PR and multi-cycle SBRO operations at gypsum supersaturation level of S/y» =1.2 — 1.9.
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5.4.4 Rate of crystal growth and dissolution

At a given level of gypsum supersaturation at the membrane surface (SIg ), for the same
local hydrodynamic conditions, crystal growth rates should be similar [73, 89, 204] in both
SBRO and SSRO-PR operations. Gypsum crystal growth rate on the membrane surface can be
described by the following simple diffusional growth process [73, 87]:

M
dt

= ke A - MW, (C, (t) - Cs) (5-5)
in which where M is the gypsum crystal mass, 4s is the single crystal surface area, C and Cs
are the molar concentrations of calcium ion (note that calcium and sulfate ions concentrations
in the present feed solutions were equimolar, Section 5.3.1) in the bulk solution at the
memrbane surface and at saturation (i.e., at the crystal surface), respectively, kc is the crystal-

fluid mass transfer coefficient [ 73], and MWy is the molecular mass of gypsum. If lateral crystal

growth is dominant, relative to vertical crystal development, then Eq. (5-5) can be simplified

by substituting for dM /dt = p, HdA5 /[ dt, in which p, is the crystal solid density and his

the average crystal height over the specified growth period. It is noted that during the SBRO
filtration period, the solute concentration, varies essentially linearly with time (Fig. 5-6).

Accordingly, Eq. (5-5) can be solved to yield the time dependence of the surface area, i.e.,
In(A /A)=pt, where A is the initial surface area (i.e., at time # when the crystal is first
observed), and ﬂ:(EMWQ /H.ps)(ch—CS) in which C, and k. are the time-average

bulk calcium ion concentration and mass transport coefficient, respectively. The above solution
also holds for SSRO-PR operation in which the solute concentration at a given axial position

at the membrane surface can be considered to be time-invariant.
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Fig. 5-11. Gypsum crystal growth (4o is the initial area of the tracked crystal) at the time-
average SBRO (S/gm)exi: 0f 1.2, 1.6 and 1.9 (Table 5-2) and at the equivalent values for SSRO-
PR operation. The data represent the average over 3-5 separate gypsum crystals of initial areas
in the range of 49 = 40 — 80 um? with vertical bars indicating the minimum and maximum
values. (Note: the observed crystallization induction times at the indicated (SIg m)exir Values are
provided in Fig. 5-9 and Table 5-3).

The growth data for individual gypsum surface crystals followed the above linear relation

of In(As I A,) dependence on time, as shown in Fig. 5-11, thus supporting the assertion of

diffusion-controlled crystal growth. Moreover, the data reveal that single crystal growth rates,
at a given (Slgm)exit in SSRO-PR and the equivalent time-average value in SBRO are similar.
However, the severity of scaling is greater in SBRO compared to SSRO-PR (Fig. 5-10). The
above behavior is likely to be due to the to the higher nucleation rate in SBRO in which a higher
SI is reached at the end of each filtration period. The question to be asked, however, is if
flushing of the SBRO system could be effective in complete dissolution of mineral crystals.

In order to assess the feasible extent of crystal dissolution during the SBRO flushing period,
an approximate analysis was carried out to assess the time scale for crystal dissolution due to

flushing [73, 205]. Following a simplified analysis in which a surface crystal is taken to be
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hemispherical, one can determine the rate of dissolution based on the mass transfer coefficient
correlation provided in [73] for gypsum crystals growth/dissolution on RO membranes. For
example, for the present set of SBRO scaling tests (Table 5-2), crystal nuclei that may have
formed during SBRO filtration (once the condition of supersaturation is reached; Section
5.4.4.1) can grow, over a filtration period of 9, 14.3 and 17.7 min, up to a size of de;=1.3, 7.1

and 14.5 pum, respectively (where d., is defined as equivalent gypsum crystal diameter for a
single crystal, d, = J2A, I = [73]). As argued in Section 5.4.4.2, crystals of this size would

be unlikely to dissolve over the flushing period that was only about a factor of 3 longer than
the convective residence time in the SBRO system. For the present feed solution (S7;~0.4 or
(SIgm)exir of ~0.5, Table 5-1) only crystals of size < 0.58 um could possibly dissolve over the
course of the above flushing period (Fig. 5-13). However, incomplete dissolution of the above
and larger crystals that would be expected to form over the course of multiple filtration cycles,
would then lead be reflected in progressive growth of these remnants of crystals (post-flushing)
over the course of the cyclic SBRO process. Longer SBRO flushing period can increase the
effectiveness of scale mitigation, but at the cost of requiring a longer filtration period to attain
the target recovery and at a correspondingly elevated S, which would lead to higher rate of
mineral salt crystallization. Here it is important to note that scale removal via periodic permeate
flush can also be achieved in SSRO-SP as well as SSRO-PR operations. A longer flushing
duration and/or frequency in SSRO-PR and SSRO-SP operational modes would also reduce
the overall recovery and could lead to increased specific energy consumption.

It is important to note that in RO operation with or without partial recycle, for a given train
of RO elements, the solution supersaturation level at membrane surface in the exit of the tail

element will be dictated by this element concentration polarization (CP) profile and the overall
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system recovery. Therefore, for equivalent operating condition with respect to crossflow
velocity and overall system recovery, one would expect mineral scaling to be similar in both
SSRO-PR and SSRO-SP. Although not assessed in the present study, it is conceivable that
crystal remnants that may dislodge form growing surface crystals would recirculate through
the element train in SSRO-PR and thereby if deposited onto the membrane surface could lead
to a higher mineral scaling propensity relative to single-pass RO operation. Given the above, it
is reasonable to conclude that mineral scaling propensity in SBRO which is greater relative to
SSRO-PR would also likely to be greater than in SSRO-SP when compared at the same
recovery or at the equivalent level of solution supersaturation at the tail element where scaling
would be most severe. It should be recognized, however, that mineral scaling often occurs in
the presence of organics and bio-foulants that may also affect the onset and evolution of
membrane scaling [80]. Thus, it should be of interest to further explore the propensity for
organic and biofouling with and without simultaneous occurrence of mineral scaling in SBR

and SSRO-PR operations as well as single-pass RO with periodic permeate flushing.

5.4.4.1 Gypsum Crystal growth
Over the duration of SBRO filtration, once nucleated, crystal size evolution over the course
of the filtration period can be approximated following a simple model for gypsum crystals

taken to be of a semi-hemispherical rosette structure [73, 85]. Accordingly, crystal growth is
expressed as in Eq. (5-5), but were the crystal mass is given as M = p, (ﬂdfq / 12), where deq
is the equivalent gypsum crystal diameter for a single crystal. A Sherwood number correlation
for the crystal growth/dissolution mass transfer coefficient (Eq. (5-5)) was reported in [73] as
(k.G / D) =0.0052(v / D)"* (0,dyep, ! 1) " in which v, is the average cross-flow velocity in

ceq
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the membrane channel, ,is the solution kinematic viscosity, and D is the diffusivity of the

calcium sulfate ion pair, estimated to be 9.23x10% cm?/s [62]. Given the above, and the linearity

of the concentrate salinity with time (Eq. (5-3)), Eq. (5-5) reduces to d(deq )/dt:

2[ke/p,]-MW, - (C(t)—Cg ), where Cu(?) is calcium sulfate ion pair concentration at the

membrane surface, which can be obtained from Section 5.4.1. The above equation can be
solved, given the expression for k., to yield the time profile of de,. Crystal growth, over a single
filtration period of up to 20 min, is illustrated in Fig. 5-12 for a membrane channel cross-flow
velocity of 15 cm/s (i.e., the setting in the present scaling tests), ideal membrane (i.e., 100%

salt rejection) and a single-pass recovery of Ysp = 0.095.
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Fig. 5-12. (a) Growth of gypsum crystal (located at RO element exit) during a single filtration
period of up to 20 min, as per the diffusional growth model (Eq. (5-5)), for SBRO operation in
which the level of gypsum saturation at the beginning of the flushing period was set as

(Slg,m ):Xn =0.73, 0.86, and 0.99, corresponding to conditions of test run #la, 1b, and lIc,

respectively (Table 5-2) with (a) raw feed water saturation of SI, = 0.4 (Table 5-1), and
(SI om ):Xn =0.25 (with corresponding raw feed S/, of 0.18, indicated with dotted line), and (b)

Variation of (SI om )exit during the filtration period, obtained as per the approach described in

Section 5.3.4, and Section 5.4.1. The analysis assumed complete membrane solute rejection,
Ysp of 9.5%, gypsum ion diffusivity (D) of 9.23x10° cm?/s [62], effective crystal density

(P5) of 2.7 g/em?® [87], and membrane 15 cm/s channel cross-flow velocity.
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As shown in Fig. 5-12, once a stable nucleus is formed, crystal growth can reach sizes (in

terms of an equivalent diameter) of ~14 pum, 16 pm, and 19 pm for the condition of concentrate
superstation, at the membrane exit, in the beginning of the filtration period of (SI om ):Xit =0.73,

0. 86 and 0.99, respectively. As suggested by the analysis in Section 5.4.4.2, crystals of such
sizes would not be completely removed by dissolution over the flushing period of 100 s

employed in the present study.

5.4.4.2 Gypsum Crystal Dissolution

SBRO operation is in the single-pass mode during the flushing period. Mitigation of any
mineral scale crystals that may have formed during the filtration period would depend on the
efficacy of crystal dissolution which will depend in turn on the level of raw feed saturation and
flushing duration. In order to gain insight as to the level of achievable dissolution, the same
simple model of a hemispherical gypsum crystal can be adapted for the early crystal growth
period during RO filtration. Although more complex geometries can be used, the above simple

approximation should suffice as a means of obtaining an estimate of the time for dissolution.

Accordingly, the dissolution rate can be described by d (deq ) / dt =2[ ke /p, |-MW, -(C, —Cy),

in which C, is the bulk solution concentration at the membrane surface at the crystal position.
The temporal change in crystal diameter upon dissolution (during SBRO flushing) is shown in
Fig. 5-13 for crystals of different initial gypsum crystal diameters and for different levels of

feed saturation, for the same crossflow condition as in Fig. 5-12.
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Fig. 5-13. Gypsum crystal (located at RO element exit) diameter (of initial size dy=0.5 — 5
um) decrease due to dissolution during flushing period for a gypsum supersaturation index at
the membrane surface at the element exit, (SIgm)exis, Of (2) 0.5 and (b) 0.1. It is noted that
crystals of the size formed by the end of a filtration period, as illustrated in Fig. 5-12. would
not dissolve to any significant degree over a flushing time greater by even a factor of about
three greater than the 100 s flushing time employed in the current study.

5.5 Summary

An experimental investigation was undertaken in a spiral-wound RO system to assess the
mineral scaling propensity, using gypsum as a model scalant, in the modes of semi-batch RO
(SBRO) and single-pass steady-state RO with partial recycle (SSRO-PR). The progression and
severity of membrane surface mineral scaling, over a range of gypsum supersaturation at the
membrane surface (Slgm=1.2 — 1.9), was monitored in real-time by a membrane surface
monitoring (MeSuM) system interfaced with the RO system. Mineral scaling in SSRO-PR for
the condition of gypsum saturation at the membrane surface at the RO element exit, (SZg,m)exi,
was compared to scaling in SBRO at the equivalent time-average value. Mineral scaling in both
RO systems was also assessed for operation at the same overall recovery. Comparison of
mineral scaling at both equivalent recovery and at the same solution supersaturation indicated

a greater scaling propensity in SBRO relative to SSRO-PR. In SBRO, the rate of appearance
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of surface crystals was higher and the observed crystallization induction time was shorter
relative to SBRO based comparison at the above conditions. The above results suggest that the
nucleation rate was higher in SBRO when operating at either the same recovery or at the time-
average supersaturation equivalent to the saturation level in SSRO-PR. This assertion is
consistent with the higher level of supersaturation reached in the SBRO filtration period
relative to SSRO-PR when the two system are compared at either the same overall recovery or
equivalent mineral scalant saturation. It is noted, however, that in both SBRO and SSRO-PR
growth rates of surface crystals, which followed diffusional growth, were similar at the same
level of solution supersaturation.

Reduction of the extent of mineral scaling in SBRO, at a given target recovery, could
potentially be achieved by a sufficiently long flushing period for complete scale removal (i.e.,
dissolution of gypsum crystals), provided that the raw feed is reasonably undersaturated.
However, longer flushing period would necessitate increasing the filtration period to maintain
the target recovery; this in turn would raise the supersaturation level in the membrane element
over the course of the filtration period. Flushing at the early stage of scale formation could
provide more effective scale removal as smaller crystals would require a shorter period for
complete dissolution. It is expected that there will be a tradeoff in SBRO operation with respect
to scale mitigation that requires optimization of flushing duration and frequency with the need
for meeting the overall target recovery objective and reduced energy consumption. Here we
note that permeate flush in SSRO-PR, as well as in SSRO-SP systems can also be used to
partially mitigate the progression of mineral scaling. The benefit of such an approach will
depend on the duration, frequency and volume of permeate flush and thus will impact the

overall attainable recovery and the specific energy consumption.
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Appendix A. Flexible RO pilot membrane system platforms

A.1 Flexible RO (FLERO) system components

The FLERO system (Fig. A.1 and Fig. A.2) consisted of a single 2.5 x 40 spiral wound
membrane element having permeate production capacity of up to 1.5 m*/d (400 gpd) for
brackish water of salinity up to 5000 mg/L TDS and up to 1.36 m*/d (360 gal/day) capacity for
sweater desalination. Prior to be supplied to the RO system, the raw-feed water was pretreated
with cartridge filters of sizes 20, 5 um (cellulose pleated 2-1/2”x10”, Ocean Link Inc.,
Portsmouth, RI; F1 and F2, respectively on Fig. A.1) using a low-pressure booster pump, P1
(Model DRIVE D5 Strong, Laing Pumps, Medford, OR). The pre-treated source water (S2)
was then combined (at M1) with the recycled concentrate stream (S8) from the membrane
module (Fig. A.1).

Feed
tank

PT1 T

Fig. A.1 Process flow diagram of FLERO RO system. Steams S1 and S2 are the raw feed
streams before and after filtration pretreatment, respectively, and S3 and S4 represent the RO
element feed and concentrate streams, respectively. Streams S6 and S7 are those of the
concentrate recycle and discharge, respectively, and S9 is the discharged flow portion of the
concentrate stream S6. Pressure, flow rate, and conductivity transmitters are indicated with PT,
FT and CT, respectively.
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Fig. A.2. FLERO system showing: (a) physical design with components layout, (b) system
body construction, (¢) electrical circuit box, and (d) assembled spiral wound RO system with
permeate production capacity of ~400 gallons/day at various water recoveries up to 90% where
1) DC motor for the main pump, 2) the port for feed and the concentrate streams 3) aluminum
cooling block for electrical box, 4) electrical box with a computer and input/output module 5)
pressure vessel for a single 2.4 in x 40 in RO membrane element, 6) port for the raw feed stream
7) cartridge filters in pretreatment module, 8) feed tank, 9) pressure transmitters, 10) power
cord (110V AC).

The combined feed stream (S2+S8, Fig. A.1) was further treated with 0.2 pm plastic filter
(F3) before it was pressurized and delivered to the RO element using a positive displacement
vane pump, P2 (Mag Drive, PROCON Products, Smyrna, TN), with a magnet motor operating
at 24V DC voltage (Model C4D20FC2B DC motor, Leeson Electric Corporation, Grafton, W1),
in addition to a pressure intensifier (or energy recovery device, i.e., ERD on Fig. A.5, Clark

Pump, Spectra Watermakers, San Rafael, CA). The volumetric feed flow rate to the RO
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element (S3) was controlled by the pump’s DC speed controller (Model NEMA 4X, DART

Controls, Zionsville, IN), while the concentrate discharge was adjustable by an in-line flow

control valve (ARO 1/2" 104104-N03, Bryan, Ohio).

A.2. RO process monitoring

Table A-1 In-line sensor positions and measurement ranges.

Sensors

Measurement Range

Pressure Transducer (PT) 1
Pressure Transducer (PT) 2

Pressure Transducer (PT) 3
Pressure Transducer (PT) 4
Pressure Transducer (PT) 5
Pressure Transducer (PT) 6
Conductivity Transmitter (CT) 1
Conductivity Transmitter (CT) 2
Conductivity Transmitter (CT) 3
Conductivity Transmitter (CT) 4
Flow Transmitter (FT) 1

Flow Transmitter (FT) 2
Current Transducer 1

Current Transducer 2

0-50 psig
0-150 psig
0-150 psig
0-1000 psig
0-1000 psig
0-50 psig
0-200 mS/cm
0-200 mS/cm
0-200 mS/cm
0-1000 pS/cm
0-5 gpm
0-0.5 gpm
0-5A

0-10A

The required specific energy consumption was calculated from measurement of the

pressures of the feed entering the membrane array. The RO element feed and exit (i.e.,

concentrate) pressures were monitored using in-line pressure transducers, (Type S-20 4-20 mA,

Wika, Klingenberg, Germany, PT1 — PT4 on Fig. A.1). The permeate and feed flow rates were

monitored with in-line flow transmitters, FT1 and FT2 (Signet 8550, George Fischer Signet,

Inc. El Monte, CA). Electrical conductivities (EC) of the raw feed, membrane element feed,



RO concentrate, and permeate streams were monitored with in-line conductivity sensors
(Signet 2850, George Fischer Signet, Inc. El1 Monte, CA). The measurement range for
aforementioned sensors is summarized in Table A-1.

The measured conductivities were converted to NaCl concentrations in terms of total
dissolved solids (TDS) using the correlation TDS =460-EC'* (mg/L; applicable over a
TDS range of 1,000 — 40,000 mg/L), derived based on simulation results from a multi-
electrolyte thermodynamic simulator (OLI Analyzer, Version Studio, Morris Plains, NJ), in
which TDS is the salt concentration in terms of total dissolved solids, and EC is the solution

conductivity (mS/cm). The osmotic pressure (in units of bar), for a given TDS level for the
NaCl solutions, was also calculated using the following simple correlation 77 = B-[TDS], in

which B = 7.8 10* (L/mg) derived based on results from the multi-electrolyte thermodynamic
simulator for NaCl solution, and is consistent with previous results reported in [47]. Sensor

measurements were acquired and recorded in real time via an embedded system computer.

FEED
P Controller
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FWE s Cyclic Operatan
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Discharge

A
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‘ - Product
Startup/Shutdown Controller ] Water

Fig. A.3. Flexible RO process control strategy. Black solid arrows indicate the direction of
water flow, and dotted arrows indicate the signal toward the actuators and controllers.
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A.2 Implementation of RO Process Control
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Fig. A.4. Graphical user interface of the pilot FLERO system with 1) system status/warning
message box, 2) system status indicators for power, pressure, and temperature, 3) process
control box for operating modes (i.e., semi-batch, continuous, etc.), operation time, and overall
water recovery, 4) control box for flow automation, 5) features for data monitoring and storage,
6) real-time graphical report of fluid configuration and sensor measurements.

A model-based controller was developed for the FLERO system based on the control
architecture described in Fig. A.3. A system startup-shutdown controller was implemented to
enable sequence startup/shutdown of the feed booster pump motor (M1) and main pump motor
(M2). A proportional-integral (PI) controller enabled control of the main pump motor (M2) in
order to maintain the RO unit feed flow rate (FT1) and/or product flow rate (FT2) at the
prescribed setpoint. The model-based semi-batch operation control was implemented for

estimating the appropriate filtration and flushing durations based on the overall water recovery
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set point (Section 4.2.1, Chapter 4). In order to avoid system damage, cyclic operation
controller was implemented to continuously monitor the RO concentrate salt concentration and
the RO unit pressure, and trigger emergency shutdown in the event that the feed pressure
exceeds recommended operating limits set by membrane manufacturer. A graphical user
interface was developed (Fig. A.4) using LabVIEW software (National Instrument, Austin, TX)
to allow intuitive system operation by providing real-time visual feedback about the system

status, fluid configuration, sensor measurements simultaneously.

A.3 System start-up and operation

It is critical to verify prior system start-up that all tube connections are secured and that
the brine discharge and the permeate streams are directed to the feed wank, which should be
filled with DI water to conduct the system start-up procedure.

A.3.1 System start-up procedure
1. Power up the system by turning on the circuit breaker located on top of the electrical box.
2. The pressure relief valve located on the side of the pressure intensifier (Fig. A.5) to 1/2

turn

Fig. A.5. Pressure relief valve on the pressure intensifier (Clark Pump, Spectra Watermakers,
San Rafael, CA).

155



3. Turn on the booster pump (P1, Fig. A.1), and ensure that pressure builds as monitored by
pressure transducer, PT1 (Fig. A.1).
4. Set the flow control mode to “Manual”, then set the high-pressure pump (M2) setpoint to
“30%” (Box 4, Fig. A.4).
5. Turn on the high-pressure pump (P2 on Fig. A.1). Check pressure transducers, PT1-5 (Fig.
A.1) to ensure stable operation.
6. Slowly ramp-up the pressure by increasing the M2 setpoint to 100%.
7. Run the system for 20 minutes to purge the system of chemicals for at least twenty minutes.
8. Close the pressure relief valve (Fig. A.5). Increase in the RO element feed pressure should
be observed from PT4 (Fig. A.1). Accordingly, the permeate flux monitored flow transmitter,
FT2 (Fig. A.1) should also increase.
9. Carefully inspect for leaks over the entire system.
10. System is now ready for operation under high pressure.
11. Note: if repair is needed due to detected leakage, shut down the system by pressing M2, and
then M1 buttons (Fig. A.4). Open the pressure relief valve, Vpg, (Fig. A.5) to depressurize
the system.

Note: System cleaning protocol is provided in Appendix C.
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Appendix B.  Field evaluation of flexible RO (FLERO) system
for nitrate removal from impaired small
community well water

B.1 Overview

The feasibility of nitrate removal and salinity reduction from impaired community well
water via RO treatment using a flexible RO system (Appendix A) with partial concentrate
recycle was assessed via onsite field tests. RO treatment can be integrated into existing
community small water systems to provide effective water purification, as well as salinity
reduction if needed, over wide range of nitrate and salinity levels, while meeting the
community water demand. RO treatment results in the generation of RO concentrate (i.e.
residual) stream that requires appropriate management. In remote small communities that rely
on septic systems for residential wastewater treatment, discharge of the RO residual stream
(containing nitrate) to the community septic tank can be a feasible option. The existing
literature suggests that nitrate entering the septic tank at is anoxic condition is likely to undergo
measurable denitrification under its anoxic conditions. However, RO treatment should be
carried out at the highest feasible recovery in order to minimize the volume of generated
concentrate, comply with the septic tank capacity and required retention time, as well as
minimize the amount of nitrate discharge (from the septic tank) to the leach field. Accordingly,
the feasibility of nitrate removal and salinity reduction via RO treatment in small community
water systems was evaluated using RO operation with concentrate recycle. Laboratory and
field testing in a selected number of small communities were carried out to assess the expected
level of water treatment performance for brackish water RO membranes of high level of nitrate

rejection.
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Fig. B.1. Water system in a small remote community without (a) and with (b) RO water
treatment with concentrate recycle.

B.2 RO treatment approach

Small and remote community water systems that rely on local groundwater for their
domestic supply of potable water and are not connected to centralized sewer system utilize
septic systems for handling their domestic wastewater (Fig. B.1a). Such communities whose
water supplies have been impaired due to nitrate contamination and often also excessive salinity,
could in principle utilize RO treatment of their well water to effectively upgrade their source
water to produce safe drinking water (Fig. B.1b). Water consumption is expected to vary
temporally. Therefore, a product water storage tank can be used as a buffer from which water

is pumped to the community pressure tank which would then feed the community water
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distribution system. With such an arrangement (Fig. B.1b), the RO system can be operated
continuously for only part of the day while meeting the daily product water demand even during

days of peak water consumption.

B.3 Experimental field studies

Field testing of salinity reduction and nitrate removal was conducted with a low-energy
spiral-wound element (XLE-2540, DOW FilmTec, hereinafter M-1) having a manufacturer
reported membrane area of 2.6 m?, water permeability of 4.6 L/m?-h-bar, and salt rejection of
99% (measured at 10 bar and 500 ppm NaCl solution). Laboratory tests demonstrated nitrate
rejection of 90%. An alternate high nitrate rejection membrane (CSM RE-2540 BE, Toray USA,
hereinafter labeled M-2) of membrane area of 2.5 m?, water permeability of 3.2 L/m?-h-bar (at
15.5 bar and 2,000 mg/L NaCl solution), showed nitrate and salt rejections of 96% and 99.7%,
respectively. Field tests with M-2 at Community Site D demonstrated nitrate and salt rejection
of 97% and 99.4%, respectively.

The RO system operation in steady-state with partial concentrate recycle (SSRO-PR)
allowed high recovery of up to 90% at RO element crossflow velocity of 0.23 m/s which was
maintained for all field and laboratory tests and with permeate flux of 5.8x10? L/m?-d (within
the recommended range for the RO elements). Nitrate concentrations in the feed and permeate
streams were monitored on-site using an optical UV nitrate sensor (Model CASS5I1D,
Endress+Hauser, Netherland) housed in a mobile platform. A slip stream from the RO system
(feed or permeate) at a flow rate of 100-300 mL/min was first passed through a filtration unit
(R series; cartridge filter of 20 and 5 um cellulose pleated 2-1/2”x10”, Penair Inc., USA) with

the aid of auxiliary pump (medium duty peristaltic pump, Hydrobuilder Inc. Chico, CA) and
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then directed to the optical flow UV cell. The nitrate sensor was calibrated against synthetic
nitrate model solutions prepared by dissolving reagent grade sodium nitrate (NaNO3) and
sodium chloride (NaCl) (Fisher Scientific, Pittsburgh, PA) in deionized water. Water grab
samples were also collected (Table B-2) from the community water well (i.e., raw source water
feed to the RO unit) and from residential water taps, following State of California approved
protocols, and delivered on the same day to a State Certified Laboratory for water quality

analysis.

B.4 Characteristics of study communities

The feasibility of deploying small scale FLERO system to remote communities that utilize
local groundwater for their potable water use was evaluated for four typical small communities
located in central California. These communities (Table B-1), located in the midst of
agricultural fields in the San Joaquin Valley, have 8-77 residential units (16-308 residents) with
their household wastewater discharged to existing septic systems except of Community Site D.

Water quality analysis (Table B-2) revealed that the local potable water sources (i.e., local
groundwater wells) of three of the study communities (A-C) were impaired, with respect to
nitrate contamination, exceeding the nitrate MCL (10 mg/L as N ) by a factor of 1.03-4.06. The
source water salinity of communities A, B and D was about 80%- 304 % and in community C
about 18% above the recommended level of 500 mg/L. TDS for drinking water [206]). In
communities A-C there were no contaminants (organic or inorganic) other than nitrate above
the MCL, while in community D chromium (VI) was at a level of 12 ug/L which was above
the MCL of 10 ug/L [207]. Tap water sampling revealed that lead and copper concentrations
were below the action levels indicating the suitability of the existing water distribution system

for delivering drinking water.
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Table B-1. Study sites

Proximity to
nearest centralized .
. .NO' . . Community  water delivery and Septic T_ank
Community  Residential Population Capacity
Units Area sewer (m?)
infrastructure
(km)
A 11 16 70 x 60 m? 2.2 km@ 17.0
8 36 160 x 50 m? 4.4 km® 18.9
C 10 34 143 x 80 m? 4.1 km® 18.9
D 77 3089 400 x 200 m? 24 km® Wastewater
lagoon

@ distance from Ecowater Water treatment plant, and ® distance from Soledad sewage
treatment plant; ) assuming an average of four persons per home; @ distance from the
nearest wastewater treatment plant in Porterville CA.

Table B-2. Summary of water quality analysis

Sampling/ Well Source Water
Analytical . . . .
()
Method Site A Site B Site C Site D
Turbidity (NTU) EPA180.1 0.15 0.15 0.82 0.1
Total dissolved solids SM2540C  1126-1500 1091-2020 554-504  J00°
(mg/L) 938
Nitrate (mg/L as N) EPA 300.0 27.1-406 20.7-219 103-11.0 8.7-95
pH SM4500-H+B 7.3 7.6 7.4 8.2
Alkalinity (mg/L as
Cac0y) SM2320B 348 244 112 130
SlCaIcite 433 4.76 084 2.41
SIGypsum 011 009 001 0006
Sampling/ Tap Water @
Analytical . . . .
Method Site A Site B Site C Site D
Lead (ug/L) EPA200.8 ND ND ND N/A
Copper (ug/L) EPA200.8 75.1 624 21.8

@ kitchen tap water was collected based on the “Lead and Copper Rule” [208]; © Total

organic carbon (TOC) for all four sites was below <
was evaluated for comparative analysis, but was excluded from the final analysis since it did
not qualify as a Small Water System as defined by the State of California [207].
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B.5 Results and discussions

Field testing of the feasibility of RO desalting with concentrate recycle was conducted with
membrane M-1 (Appendix B.2) at recovery of 90%. Product water quality was well below the
MCL of nitrate by 23%, 41% and 75% for Site A, B, C, and D, respectively (Fig. B.2). Salinity
reduction was also effective with the treated product water salinity being in the range of 46-
300 mg/L, well below the recommended upper limit of 500 mg/L. TDS for all sites. Nitrate
rejection, however, was in the range of 83%-87% which could prove to be insufficient with
membrane M-1 to meet the MCL for nitrate removal of feed water in excess of 17.3 mg/L

nitrate as N and salinity SMCL in excess of 2100 mg/L TDS.
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Fig. B.2. Onsite testing of RO well water treatment for the study communities. The RO test
system (Appendix A) was operated at water recovery of 90% in SSRO-PR. The dashed line
denotes the nitrate MCL (10 mg/L as N) and the recommended upper salinity level (500 mg/L
TDS) for drinking water. The error bar indicates the salinity and nitrate range of measurement
uncertainty.

In order to accommodate the potential for upward temporal fluctuations in source water

quality (particularly with respect to nitrate in groundwater adjacent to agricultural areas [209])

the use of higher nitrate and salt rejection membrane was considered. Accordingly, a membrane
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having nitrate and salt rejection of 96% and 99.7%, respectively was evaluated (i.e., membrane
M-2, Appendix B.2) for treatment of source water of nitrate concentration in the range of 13-
40 mg/L as N and salinity of 1000 mg/L TDS. Laboratory tests of the product water nitrate
concentration dependence on the treatment system recovery (Fig. B.3) matched predictions

from Equations (3-16) and (3-17) (Section 3.2.3).
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Fig. B.3. Nitrate concentration in the RO product water for treatment using a high nitrate
rejection membrane (M-2) over a range of product water recovery for initial feed nitrate
concentration of 13-40 mg/L as N. The solid curves are prediction of

Co =Cy-(1-R)(1-Ys )/[1-RY =Y5 (1-R;)] (as per Equations (3-16) and (3-17),

Section 3.2.3). (Note: RO recovery must be maintained below 94%-99% in order to ensure that
the product water meets both the MCL and SMCL with respect to nitrate and salinity,
respectively, and that the feed pressure remains below the maximum allowed pressure for the
RO element).

Water treatment can produce product water of concentration below the MCL for RO
recovery of up to 94%-99% for the corresponding feed nitrate concentration range of 13-40
mg/L as N. Clearly, predictions as per Equations (3-16) and (3-17) (Fig. B.3) indicate that for

operation at 90% recovery with membrane M-2 one could treat source water of up to a nitrate

level of 19 mg/L as N and salinity of up to 9400 mg/L TDS and produce safe drinking water
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that is at least 1/3 of the MCL in nitrate and ~1/2 below the SMCL for salinity (similar level to
275 mg/L TDS of California State Water Project Deliveries [210]). The above study suggests
that RO treatment can handle a wide range of nitrate levels at high recovery operation to

provide safe drinking water for remote and often disadvantaged communities.
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Appendix C. Membrane Surface Monitor Operation

The membrane surface monitor (MeSuM) (Section 5.3.3) was operated through the

graphical user interface, GUI (Fig. 5-3), which records sensor readings and sets the pressure and

crossflow velocity.

C.1 Membrane coupon preparation

1.

Cut membrane coupons from a larger sheet of membrane to a size that would overlap
the flow channel of the membrane cell (Fig. 5-2a, ~10 cm x 5 cm).

Gently rinse the membranes with de-ionized (DI) water for ~3 minutes.

Place the membrane coupons in a 600 mL beaker of DI water, cover the beaker with
parafilm and place in refrigerator for at least ~2 hours and up to 3 days. Note: If stored
for extended periods, the membrane should be stored in a preservative solution of 0.5

— 1 wt.% sodium meta-bisulfite in sealed plastic bags.

C.2 Model solution preparation

The following is a procedure to prepare for the model solution (Table 5-1) for evaluation of

gypsum scaling in Chapter 5.

1.

2.

Fill two 4L Erlenmeyer flasks with DI water to accommodate CaClz-2H>O and NaxSOg4
Prepare for 890g CaCl»-2H>0 and 860g Na>SO4 by using weight balance.

Dissolve CaCl>-:2H>0 and Na;SOg4 in DI water in separate Erlenmeyer flasks using a
magnetic stir bar and a stir plate. Note: Cover each beaker with parafilm to prevent
contamination.

Slowly transfer the prepared solution in the flasks to the large RO feed tank, which is

filled with DI water using a peristaltic pump.
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C.3 System operating procedure

1.

Lightly rinse the feed channel of the membrane cell before inserting the membrane
coupon.

Place the membrane coupon flat inside the MeSuM cell.

Carefully check the o-ring gasket for any damage that may lead to water leakage or
membrane damage. Note: It is recommended to periodically re-lubricate the o-ring
gasket with a compatible lubricant.

Clamp the cell by tightening threaded nuts onto the studs. Attention: Use a pre-
calibrated torque wrench to equally fasten each nut. Start with low torque setting, then
tighten each of the four studs following the crisscross sequence to avoid cell damage
from overtightening.

Connect the MeSuM with the RO system (as per Fig. 5-1), in order to provide the feed
flow of a standard sodium chloride solution or other test solution (e.g., a partial salt
scaling solution of Na>2SO4). Note: the hydraulic valve for MeSuM concentrate stream
should be 100% opened (V2, Fig. 5-1).

Gradually increase the pressure upto 200 psig. Check for leakage.

Open the image acquisition software to examine membrane surface.

Adjust camera focus and light arrangement to verify that the membrane appears clean
(i.e., free from air bubbles, contaminants, membrane damage, etc.). Note: The system
may require extended water flushing to ensure that the membrane and system are clean
and free of air bubbles.

For membrane compaction, operate the system using DI water under the applied
pressure of 200 psig for at least 24 hours. Before each experiment, verify constant water

permeability and salt rejection have stabilized (i.e., time-invariant).
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Appendix D. System cleaning procedure

Light Cleaning —DI Water

Note: Ifthe system has been operated for a period of 1-2 weeks, then light cleaning is sufficient,
unless a solution containing significant amounts of organic or biological material was used,
such as a wastewater solution.

1. Fill the RO feed tank with 20L of DI water.

2. Place a membrane coupon in the membrane cell and securely tighten the cell studs.

3. Follow the start-up procedure in Section A.3.1 to start the system

4. Recirculate the DI water through the system for 24 hours at 5-10 bar and 30-50 L/hr.

5.  Turn off the pump.

Heavy Cleaning — EDTA + NaOH

Note: Chemical cleaning is necessary when the system has not been used for more than several

weeks or the system was determined to be contaminated.

1. Remove the microfilter cartridges and re-tighten the filter housing.

2. Remove the spiral wound RO element and membrane coupon from MeSuM cell and
securely tighten the cell studs.

3. Fill the feed tank with DI water containing EDTA dissolved in 1 g/L. and NaOH at 4 g/L
(final pH ~ 13).

4. Start the system following the start-up procedure in Section A.3.1, and circulate the
solution at 5-10 bar and 30-50 L/hr for 30 minutes.

5. Drain the system.
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10.

11.

12.

Rinse the feed tank with DI water and recirculate DI water through the system until the
discharge water pH reaches the DI water pH value.

Dissolve sodium meta-bisulfite in the RO feed tank containing 1 wt.% in 20L DI water.
Start the system following the start-up procedure in Section A.3.1, and circulate the
solution at 5-10 bar and 30-50 L/hr for 45 minutes.

Turn off the system by pressing M2, and then M1 buttons (Fig. A.4).

Open the pressure relief valve, Vpzr, (Fig. A.5) to depressurize the system.

Close the concentrate discharge valve, V4 (Fig. A.1).

To preserves the system for an extended period, leave the sodium meta-bisulfite solution

in the system
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