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Abstract

With the growing population and industrial development, there is more stress on natural water
resources. Additionally, environmental laws make the disposal of waste streams from
industries difficult. In this scenario, it is crucial to treat waste streams to recover water and
possibly minerals, for reuse in the industry, reducing the dependency on new resources.
Reverse osmosis (RO) is a membrane-filtration technology that has been in use for decades.
RO systems can waste up to 30% of the feed water through the production of brine, containing
the rejected minerals. This rejection is high when dealing with saline waters. Treatment of this
brine stream for reclamation of water would increase the overall efficiency of RO systems. In
this research, the treatment of RO brine by a closed-circuit configuration of RO — closed-circuit
desalination (CCD) - is investigated. In CCD, filtration is done in batches, with the recirculation
of the concentrate stream back into the feed stream. The high cross-flow velocity and short
filtration batches result in prevention of scaling in these systems.

This research focused on proving the resilience of the CCD system to silica scaling despite
supersaturations of silica. Lab-scale experiments were performed on a single-element CCD
system, specially built with relevant measurement instruments. Silica scaling was monitored
by mass transfer coefficient (MTC) calculations, silica mass balance calculations, and
membrane autopsies. Synthetic feed water was used, containing only NaCl (10 mg/L) and
varying concentrations of silica (70 — 120 mg/L as SiOz). No anti-scalants were used. Longer
experiments were performed, i.e. 20 consecutive cycles of 1 hour each with 120 mg/L of silica
in the feed. The cycle duration was increased, 2 cycles of 3-hour each were performed, with
120 mg/L of silica in the feed.

The MTC curves in all the experiments had a gradual decline with the progression of each
cycle, but always recovered at the beginning of the next cycle. This decline was probably due
to the increasing osmotic pressure in the recirculation loop. There was no permanent decline in
the MTC, leading to the observation that there was no scaling in the system. This was supported
by the silica in the mass balance calculations, that showed there was no loss of silica from the
brine. The reactive silica concentration in the brine was as high as 1800 mg/L in the 3-hour
cycle, attaining a recovery of 93%, without signs of scaling. The membrane autopsy showed
that the membranes used for the experiments with 120mg/l silica in the feed had higher silicon
content compared to the blanks. However, there were too few samples to compare against and
make strong conclusions whether there was scaling.

Thus, the designed CCD system was resistant to silica scaling in these conditions, of high pH
and in the absence of other components such as iron, aluminium, calcium and magnesium. The
results of this study proved that, despite high concentrations of silica in the feed, CCD can
improve the total efficiency of RO systems (with regard to the water wastage) by recovering
water from the brine produced by RO installations. The extremely high recoveries attained by
the system would result in small volumes of very concentrated brine, making the extraction of
minerals more cost-effective, because lesser volumes must be treated to obtain the same
amount of minerals.
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Chapter 1

Introduction

1.1. General Overview

Reverse osmosis (RO) is an important treatment step for water production and water recovery.
RO was first commercialised in the 1970s [1] and has broad applications in the fields such as
drinking water production, pharmaceuticals, food and beverage industries, to name a few [2].
RO installations produce clean water along with the constant production of a brine stream,
containing all the rejected minerals. The system recovery of a RO installation represents the
percentage of clean water produced by the installation from the total feed water consumed.
This consequently dictates the volume of brine produced by the system. In general, majority of
RO systems are designed for a system recovery of about 75%, resulting in wastage of 25% of
the feed water through brine flow [3]. This percentage wastage can be much higher when
treating highly-saline feed sources, as an example [1].

The strain on water resources would increase with the predicted growth in global population.
Additionally, growth in the gross domestic product (GDP) has resulted in increase in the
industrial water use [4]. Thus, water resources, especially fresh water resources, need to be
used efficiently, increasing the importance of alternate sources of water for the industry. Since
2002, there has been a 40% increase in the use of RO systems for treatment of river water. RO
application is predicted to increase world-wide, with industrial growth and tighter
environmental regulations [2], thus enhancing the need for treatment solutions for the produced
brine streams. The brine produced in RO systems contain all the minerals rejected from the
feed water. Depending on the type of feed water and the recovery, these streams can be quite
saline. The discharge of the more saline brine streams can be quite problematic, with
environmental fees imposed on discharge into rivers, for example. Thus, it would be beneficial
to treat these streams for the reclamation of water and possible extraction of minerals.

The ZERO BRINE Project (European Union’s Horizon 2020 Research and Innovation
Programme) is targeted at the reclamation and reuse of minerals and water from waste streams
of industrial processes. One of the cases of this project is the EVIDES demineralised water
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production plant in the Botlek area. At this plant, demineralised water is produced from a
surface water source, with RO as one of the treatment steps. The ZERO BRINE project aims
to treat the brine produced by this RO installation to recover water and minerals from the
stream. [5]

Table 1. Composition of the RO brine from the EVIDES demineralised water production plant (ZERO BRINE).

Component Concentration (mg/L)
Sodium (Na®) 1000
Bicarbonate (HCOx3) 1067
Chloride (CI) 600

Silica (H4SiOs) 52 (32.5 mg/L as SiO,)
Sulphate (SO4%) 387

Total Organic Carbon 165

(TOC)

Table 1 shows the composition of the brine stream. A treatment technology is required to
separate as much water from this stream, producing an even more concentrated brine stream,
from which extraction of minerals would be possible. Achieving high recoveries in this step is
crucial to reclaim as much water as possible, while producing small quantities of brine. Lesser
volumes of brine result in more cost-effective extraction of minerals, because less water must
be treated to obtain the same amount of minerals.

With permeate production in RO systems, the concentration of dissolved compounds on the
feed side of the membrane increases. The concentration factor is related to the recovery of the
system. For a specific feed water, higher recovery results in higher concentrations of these
compounds in the system, especially in the last element of the RO installation. Sparingly-
soluble compounds may precipitate on the membrane at supersaturated concentrations, forming
scale. With scaling, the energy consumption of filtration increases, because more energy is
needed to maintain a constant flux. Additionally, more frequent chemical cleaning is required,
decreasing the life expectancy of the membrane. [6]

Hence, the safe recovery achievable by RO systems is restricted by certain components in the
feed water. Silica is one such component. As the recovery is increased, the concentration of
silica in the brine is also higher, increasing the risk of scaling. Silica scaling on the membrane
is difficult to remove and could permanently damage the membrane. In practice, silica scaling
in RO systems is prevented by maintaining concentrations lower than 150 mg/L, at
temperatures above 21°C [7]. With the use of anti-scalants, the safe level of silica concentration
is increased to 300 mg/L [8].

The brine stream from the RO system in the EVIDES plant has a high concentration of silica
(as seen in Table 1).! Hence, the goal of achieving high recoveries of water from the RO brine
might be hampered by the silica concentration in the brine. To attain this goal, a closed-circuit
configuration of RO — closed-circuit desalination (CCD) - is considered, wherein filtration is
done in batches, with the recirculation of the concentrate stream back into the feed stream.

! Natural waters typically contain 1 to 40 mg/L of silica (as SiO,) [8] [18].
2
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CCD has many benefits when compared to conventional RO systems. CCD systems have much
lower energy consumption as the concentrate recycling results in prevention of energy loss in
the brine stream. Constant recirculation of the brine reduces membrane fouling, thereby
minimising membrane cleaning costs. Moreover, membrane performance is improved in CCD.
[9] [10] Stover compared the recovery of conventional RO and closed-circuit RO, using feed
water containing a silica concentration of 59 mg/L. The recovery of the conventional RO was
limited to 76%; the closed-circuit RO however, attained 93.5% recovery, while generating a
brine stream with 900 mg/L of silica [1].

Thus, in this research, CCD is explored as an option for the treatment of RO brine for the
reclamation of water. With CCD, it would be possible to reduce the brine to very high
concentrations, thereby recovering a large portion of water. Hence, the effectiveness of CCD
in preventing silica scaling during filtration is investigated in this project.

Research shows that batch RO can concentrate RO brine streams due to the resistance to
inorganic fouling when compared to conventional RO [11]. Several studies have proven that
batch RO can tolerate silica concentrates much higher than solubility levels. Brine silica
concentrations as high as 700 mg/L were achieved from feed water containing 125 mg/L of
SiO2 and 10,000 mg/L of NaCl [12]. However, these results were based on model simulations
and not experimental work. Pilot-plant experiments with batch RO succeeded in concentrating
the brine from a desalination plant, reaching concentrations of over 1000 mg/L SiO: in the
concentrate [13]. This was achieved with pH control (< 4.5) and the use of anti-scalants (for
CaSO0g4 and silica). The addition of anti-scalants increases the threshold beyond which scaling
would occur. However, it also results in the introduction of more components into the waste
stream, further complicating mineral extraction, and so, will be avoided in this study.

There is a need for experimental work to prove the resistance of fouling in CCD systems with
supersaturations of silica in the concentrate, without the use of anti-scalants. This should
include accurately monitoring silica scaling during filtration. Apart from this, it would be
beneficial to understand the effect of parameters such as cycle duration and initial feed salinity
on the occurrence of silica scaling in the system. Such experimental work would be the
beginning of the development of a solution for managing brine produced by RO plants with
silica in the source water.
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1.2. Objectives

This study evaluates the effectiveness of closed-circuit desalination (CCD) in delaying,
reducing, or even preventing silica scaling on RO membranes when dealing with feed
containing significant levels of silica. The objectives of this thesis are:

e Todesign and build a CCD setup, with meters to monitor relevant parameters
e To accurately monitor silica scaling in the CCD setup via,

o Continuous measurements of mass transfer coefficient (MTC)

o Mass balance calculations of silica (SiOy) in the system

o Destructive analysis of the membrane (autopsy and microscope)

e To assess the effect of longer experiments (more consecutive cycles) on the
occurrence of silica scaling in the system

e To assess the effect of longer cycle duration on the occurrence of silica scaling in
the system
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Background

2.1. Closed-Circuit Desalination (CCD) vs. conventional Reverse Osmosis (RO)

Reverse osmosis (RO) is a membrane filtration process that can remove almost all dissolved
matter from the feed. It can remove metal ions, dissolved salts and even viruses [14]. Osmotic
flow occurs when water flows through a membrane from a diluted solution to the concentrated
solution. Reverse osmosis is based on applying pressure on the feed side to push water through
the membrane, against the natural osmotic flow. The applied pressure must be greater than the
osmotic pressure difference across the membrane. The efficiency of this technology is
susceptible to fouling, both inorganic and biological, with surface fouling being the main
fouling mechanism [15]. Figure 1 shows the schematics of a basic RO system. Qr, Qp and Qb
are the feed, permeate and brine flow rates respectively; FP is the feed pump.

FP — (
_@_ ____________ . )
== PERMEATE
Membrane
Qb
BRINE ¢— >

Figure 1. Schematics of a conventional RO setup.

Closed-circuit desalination (CCD) operates on the same principle as reverse osmosis, but in a
different configuration. CCD involves a batch operation, in contrast to the continuous operation
of conventional RO. CCD involves circulation of the concentrate stream. Figure 2 is an
illustration of the CCD system. Qs fresh and Qc are the fresh feed and recirculated concentrate
flow rates, respectively; CP is the circulation pump.
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FRESH Qffresh A OF | “77===__ L
________ < PERMEATE

FEED

RECYCLED
CONCENTRATE

Qc = Qf-Qp

%

Figure 2. Schematics of closed-circuit desalination (CCD) setup.

CCD is run in cycles, during which there is no brine discharge. All the concentrate produced
is mixed with incoming fresh feed and then fed into the membrane module again. At the end
of the cycle, the spent concentrate is discharged and replaced with fresh feed. The components
of CCD are a feed pump, a circulation pump and a 3-way valve for brine discharge.

By circulation of the concentrate in a CCD system, a cross-flow is created over the membrane
surface. This cross-flow reduces concentration polarisation at the membrane surface, by
disturbing the boundary layer formed [14]. This greatly reduces fouling and scaling of the
membrane, allowing much higher recoveries. If the concentrate recirculation in CCD was
stopped, concentration polarisation would increase and consequently, the flux through the
membrane would stop [10].

In RO systems, there is a significant loss of energy through the concentrate stream. In CCD
systems, the concentrate stream is recirculated back into the feed. This reduces the volume of
fresh feed let into the system, thereby reducing the volume of water to be pressurised by the
feed pump. In a CCD setup, the pressure is varied through the cycle, to maintain a constant
fresh feed flow. Hence, the pressure does not remain at the maximum level through the cycle,
unlike RO systems. The pressure is gradually increased and is at maximum only towards the
end of each cycle. Thus, there are significant energy savings in CCD systems compared to
conventional RO systems [10] [9].

CCD is performed in cycles of a fixed duration, under variable feed pressure to maintain a fixed
fresh feed flow. The volume of permeate produced in a single cycle can be expressed with
Equation 2.1. As the volume of the system is constant, and the brine flow (wastage) is zero, the
feed flow rate is equal to the permeate flow rate. The system volume is the capacity of the pipes
and vessels that the system is comprised of. The system recovery in CCD can be calculated
based on the volume of permeate produced and system volume, equation 2.2.

Vp = Qf,fresh “Leycle = Qp “Leycle (2.1)
= Vp 100 (2.2)
)/Sys - ‘/p + Vsys "

Where,
V, is the volume of permeate produced in L;

Qf freshs @p are the flow rates of the fresh feed and permeate, respectively, in L/h;
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teycle 1S the cycle duration in h;
Vsys is the system volume in L; and
Ysys 1S the system recovery as a percentage.

Using Equations (2.1) and (2.2), the relation between cycle duration and system recovery is
expressed using Equation 2.3. As V;,,c and Q,, are constant during a cycle, y;,, is a function of

tcycle [10] :

A
Leycle = Yoys " Tays (2.3)

Qp - (100 — ysys)
In conventional RO systems, the feed, permeate and concentrate quality remain constant during
operation. In CCD, with more recovery during each cycle, the salinity in the recirculation loop
increases, resulting in increasing salinity of the permeate, as the cycle progresses [16]. Higher
salinity in the recirculation loop results in higher osmotic pressure as each cycle progresses.
This means the pressure applied by the feed pump needs to be gradually increased to supply
the required driving force to keep the flux constant.

2.2.  Silica Chemistry

Silica, the main component of the Earth’s crust, exists in our environment in combination with
oxides of magnesium, aluminium, calcium and iron. It occurs in natural waters as a result of
weathering of silicate minerals in the rocks and soil, usually at concentrations of 1 to 40 mg/L

[8] [18].

2.2.1. Forms of Silica

Monomeric silica (H4SiO4) is the soluble form of silica at pH below 9. It is also called silicic
acid, monosilicic acid, reactive silica, soluble silica and hydrated SiO>. Monomeric silica
undergoes polymerisation in super-saturated solutions. Polymeric silica first grows linearly
with three or four silica units and then adopts a cyclic structure. In time, the polymers form
internal cross-links and continue growing by the addition of monomers. The surface of the
polymer will have many silanol groups (=Si-OH) compared to the bulk. These silanol groups
on the polymer surface undergo ionisation at pH greater than 7, resulting in the negative charge
of silica polymers. Polymers of size between 0.001 um to 1 um are referred to as colloidal
silica (as per the IUPAC classification). These colloids are stable in solution but can also
precipitate in the presence of polyvalent metal ions. [8] The main factors affecting the solubility
of silica are temperature, pH, presence of metal ions, co-precipitation, ionic strength, and time
[19].

2.2.2. Mechanisms of Scaling

There are two mechanisms for silica scaling, i.e. polymerisation of monomers forming
amorphous silica deposits, and heterogenous nucleation of monomers in the presence certain
components [8].

2.2.2.1. Polymerisation of monomers
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The rate of polymerisation of monomeric silica is fastest at a pH of 6 to 8 [7] [20]. Monomeric
silicais very stable; however, once polymerisation starts - even a small amount - the monomers
are very quickly polymerised. Colloidal silica can clog the feed channel spacer and foul the
membrane. Higher initial concentrations increase the rate of polymerisation. The silica
polymers can form scale precipitates through reaction with even trace amounts of polyvalent
metal ions, i.e. aluminium or iron [8].

At high pH, around 9, there is an increase in silica solubility and decrease in silica
polymerisation. With this, the potential for the formation of highly-insoluble calcium-
magnesium silicates increases. Figure 3 shows the relation between the polymerisation rate and
the pH for a solution of 550 mg/L of SiOg, at 50°C [7].
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Figure 3. Rate of polymerisation of silica (550 mg/L SiO,, 50°C) [7].

2.2.2.2. Heterogenous nucleation of monomers

Apart from polymerisation, silica scale can be formed through heterogenous nucleation of silica
monomers with non-silica colloids, pre-existing scale or corrosion products. This can result in
the formation of a glassy, impermeable layer on the surface of the membrane [8].

2.3.  Delay of scaling in CCD systems

In continuous RO systems, supersaturated conditions are reached almost immediately due to
build-up of a layer of retained material close to the membrane surface, and this state is
maintained until mechanical cleaning. To reduce the effects of concentration polarisation, the
cross-flow velocity can be increased, by increasing the feed flow velocity in the membrane
module. However, this also changes the permeate flux and the recovery of the system. In CCD,
the cross-flow can be adjusted without affecting the flux and recovery, due to concentrate
recycling.

2.3.1. Concentration Polarisation

During membrane filtration, there is a build-up of a layer of retained ions, close to the
membrane surface. This phenomenon is called concentration polarisation, represented in
Figure 4.
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Concentration polarisation results in an initial rapid
decline of flux. The osmotic pressure in the boundary
layer rises with concentration polarisation, causing a
higher difference in the osmotic pressures across the
membrane [14]. This layer results in higher initial feed
pressure to overcome the osmotic pressure difference
at the boundary layer and push the water through the
membrane.

The effects of concentration polarisation can be
reduced by generating turbulence along the membrane
surface that disturbs the boundary layer formed. In Figure 4. Concentration polarisation.
conventional RO, turbulence is created by using [14]

spacers, or by increasing the feed flow velocity in the

membrane module [17] [14]. In CCD, circulation of the concentrate flow back into the
membrane module maintains the cross-flow required to limit concentration polarisation [10].

x[m] & 0

2.3.2. Salinity Cycling

In the study done by Warsinger et al., the occurrence of inorganic fouling was predicted by
comparing the system residence time to the nucleation induction time for salt crystals [11]. The
nucleation induction time (t;,4) is defined as the time taken for the formation of stable crystals
in a solution in the supersaturated state. The system residence time (t,.s) is defined as the
duration in which highly supersaturated parts of the feed solution are present in the module.
Crystallization is predicted to occur when the residence time approaches induction time. Hence,
scaling can be prevented if the residence time is kept lower than the induction time (t,.s <

tina)-

In CCD systems, the operation is run 6 10°
in cycles_. In each cycle,_ the Batch RO
concentration of the feed solution in 4 Continuous RO 1

contact with the membrane varies.
Figure 5 depicts the salinity in the last
membrane element in CCD and
continuous RO [11]. The
concentration of the foulant in the feed
gradually increases until the end of the
cycle when it drops again when the
brine is discharged, and fresh feed
introduced. In conventional RO, the
final element is in contact with super- 0
saturated feed solution throughout the
process. Thus, in CCD, the duration of
exposure of the membrane to super- Figure 5. Salinityinthe_last membrane element in CCD vs.
saturated feed is greatly reduced continuous RO [11].

compared to conventional RO, i.e. the

system residence time is much smaller [11]. Hence, silica scaling in the final membrane
element is delayed in CCD systems compared to continuous RO systems.

6L~ Brine salinity .

Maximum TDS [mg/kg]
i

Feed salinity

0 200 400 600 800 1000
Time [s]
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Despite CCD being able to concentrate feed containing foulants such as silica past saturation
levels, when the feed is supersaturated at the start of the cycle in CCD, fouling is observed
[12]. Thus, in practice, it is important that the feed be below saturation levels at the start of
each cycle.

2.4. Mass Transfer Coefficient (MTC)

In practice, scaling on the membrane surface is detected by measuring the mass transfer
coefficient (MTC) [6] [21]. When scaling occurs, there will be a decrease in the MTC. Hence,
scaling is expressed in terms of the rate of decrease of MTC. The acceptable rate of decline in
MTC depends on several factors such as economics (i.e. it is not fixed). In the study done by
Heijman et al., MTC was calculated continuously by measuring the feed flow, feed pressure,
feed temperature, feed conductivity, the pressure-drop across the membrane, and the permeate
flow [21].

In their study, Lisdonk et al. have concluded that MTC is independent of the flux. When the
flux was tripled, there was a decrease in the MTC, and a 4% decrease in the calculated
concentration polarisation. The decrease in MTC was attributed to entrance flow losses with
increased flow [6].
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Chapter 3

Materials and Methods

3.1. Feed water

Model feed water was used for the experiments. The model feed water was prepared by
dissolving sodium trisilicate solution [22] in demineralised water (electrical conductivity (EC)
lower than 10 uS/cm) to achieve the required SiO2 concentration.

The high solubility and rejection of NaCl make it ideal to use to calculate the concentration
factor of the system. The concentration of Na could be determined from the EC of the solution.
The variation of EC of a solution with increasing concentrations of NaCl was modelled using
PHREEQC [23]. Figure 6 shows the results of the modelling. It is evident that the relation
between the EC of the solution and the concentration of NaCl is linear.

EC for solutions of different concentrations of NaCl
300 T T T T T T

250 [
200 |

150 [

EC (uS/cm)

100 :

50 [

0 20 40 60 80 100 120 140
NaCl conc. (mgiL)

Figure 6. EC of solutions with varying concentrations of NaCl.

The effect of SiO2 on the EC of a solution was investigated by similar PHREEQC modelling,
calculating the EC of solutions containing 10 mg/L of NaCl and increasing concentrations of
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SiO». Figure 7 shows the results of the modelling. As seen clearly, increasing the silica
concentrations does not affect the EC of the solution, compared to the effect of increasing NaCl.
Thus, the EC measurements made in the system would be representative of the sodium

concentration in the brine.

EC for solutions of 10mg/L NaCl and different concentrations of Si02
3[] T T T T T T T T T T T
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=
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0 0 20 30 40 50 60 70 80 S0 100 110 120
SiO2 conc. (mgiL)

Figure 7. EC of a solution of 10 mg/L NaCl and varying concentrations of SiO».

Hence, the expected SiO, concentration was determined using the concentration factor
calculated from the EC measurements, and then compared to the measured SiO> in the brine.
If scaling occurred, there would be a difference in the expected and measured values of SiOs.
A low concentration of NaCl is vital to keep the osmotic pressure in the feed low. Thus, the
feed solution was prepared with 10 mg/L of NaCl.

Initially, a concentration of 35 mg/L SiO; in the feed was used, based on the SiO> values in the
brine produced in the RO installation in a demineralised water production plant (ZERO BRINE
Project Report). In the subsequent experiments, 70, 80 and 120 mg/L SiO, were used. The
concentration of NaCl added to the feed was kept constant at 10 mg/L.

Figure 8 shows change in pH with varying concentrations of silica with 10 mg/L NaCl. The
pH of the feed remained constant at about 10.

12
10
8
L6
4
2
0

0 50 100 150 200 250
Si02 (mg/L)

Figure 8. pH for different concentrations of silica with 10 mg/L NacCl.
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The feed water was prepared in batches, in 10-litre plastic jerry tanks. The sodium trisilicate
solution and NaCl for each tank was measured separately on an electrical balance, to an
accuracy of 0.1 mg. The measured solution and salt were dissolved in demineralised water,
which was measured with an electric balance to ensure accuracy. The EC of each tank was
measured to ensure uniform quality of the prepared feed.

3.2. Experimental Setup and Operation

3.2.1. Description of the CCD setup

In the CCD system, during each cycle, the concentrate stream was recirculated back to the feed,
and through the pressure vessel continuously. Recirculation was done without any wastage of
the concentrate stream during the batch operation, i.e. Qo = 0 during a cycle. At the end of each
cycle, the concentrated feed in the loop (i.e. the brine) was discharged. At the same time, fresh
feed was pumped into the loop, flushing out the brine.

Due to concentrate recirculation, the stream that entered the membrane module, the actual feed
(Qr), was not equal to the fresh feed stream (Qrfresn). Hence, for CCD, the actual feed flow was
the fresh feed flow (Qrfesn) mixed with recycled concentrate (Qc), i.e. Qr Hence, the
measurements for the calculation of MTC had to be performed on this stream. Figure 9 shows
the CCD setup built.
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Meters
Pressure Permeate
vessel production
Inline static Brine-sampling
mixer point
Pulse Circulation
dampener pump
Flushin,
g Feed tank
tank
Feed pumps

Figure 9. The CCD setup used for the research.

Figure 10 shows the Process and Instrumentation Diagram (P&ID) of the CCD setup. The
legend is displayed in Table 2.
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Figure 10. P&ID of the closed-circuit desalination setup.
Table 2. Legend for the P&ID of the CCD setup.
Element Abbreviation Description
Components CT Cooling tube
PD Pulse-dampener
PV Pressure vessel
SM Static mixer
Meters ECt EC & temperature meter - feed
EC. EC & temperature meter - concentrate
Ft Flow meter - feed
Fo Flow meter - permeate
Pc Pressure meter - concentrate
Pt Pressure meter - feed
Pumps CP Circulation pump
FP1, FP2 Feed pumps
Valves Vb Brine discharge valve
Vire. Circulation valve
Vi, Flushing inlet valve
Vs Brine-sampling valve

Plastic containers were used as the feed and flushing tanks. Fresh feed was pumped using 2
Jesco MEMDOS DX 25 feed pumps (FP1, FP2), placed in parallel. Each pump could deliver a
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maximum flow rate of 25 L/h at up to 10 bars of head. By placing the pumps in parallel, a
combined feed flow rate of about 40 L/h was achieved. The concentrate was recirculated with
a Grundfos centrifugal pump (CP), that could deliver a maximum flow rate of 900 L/h at up to
6 bars of head. The feed flow rate was kept at 30 - 40 L/h and the concentrate flow rate about
400 - 600 L/h. A single RO membrane element (FILMTEC™ SW30-2540) was loaded into the
pressure vessel.

FESTO Polytetrafluoroethylene (PTFE) tubes of external diameter 12 mm were used for the
system along with FESTO pneumatic push-in connectors. The pipes and the junctions of the
network could withstand up to 14 bars of pressure. Thus, the pressure maintained in the system
was kept below this value.

The flushing inlet (V#.) and brine discharge (Vp) valves were used for the flushing operation.
The circulation valve (V.irc) was closed during flushing. At the end of a cycle, brine samples
were taken at the sampling valve (Vs), placed immediately after the pressure vessel. Virc. and
Vs were stainless steel ball valves. V. and Vb were stainless steel gate valves.

The flow rate was measured with
flowmeters in the mixed feed and permeate
streams (Gems Sensors, USA). The
concentrate flow rate was calculated by
subtracting permeate flow from feed flow.
The pressure was measured with two
meters in the mixed feed (Gems Sensors,
USA) and concentrate (Endress+Hauser,
Switzerland). The flow and pressure meters
were calibrated using manufacturer-
provided specifications. The readings of the
flow meters were verified manually with
experiments. The EC and temperature
readings on the feed and concentrate
streams were made using a digital : :
multiparameter meter (Multi 3420, WTW Figure 11. The meters installed on the CCD setup
Germany). The probes for the meter were

connected into the pipe to ensure that the measurements were made directly in the stream, and
not in dead zones. The EC of the permeate stream was measured from samples taken every 10
minutes. See Appendix A.1 for specifications of the meters used. Figure 11 shows the installed
meters.

CONC. EC
_(Eco I

The feed pumps were dosing pumps. As the pumps delivered feed in pulses, a pulse dampener
(PD) was required. A static mixer (Primix, Netherlands) was placed before the meters on the
feed stream, to ensure adequate mixing of the fresh feed with the recycled concentrate. Thus,
the EC measurements taken were representative of the feed. (Refer to Appendix A.2 for the
design of the static mixer). An in-line cooling tube (CT) was used to maintain a steady
temperature during the experiments because temperature of water in the loop increased with
recirculation by the centrifugal pump.
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3.2.2. Operation Protocol

The system was flushed with feed water for 10 minutes, before the start of each cycle. The
circulation pump (CP) was used for this forward-flushing, to generate enough cross-flow
velocity over the membrane. The flow rate during flushing was 400 to 500 L/h. There were
some dead-zones in the system that were created during flushing, e.g. between the valves Vs,
and V. To dilute and remove any trapped brine, recirculation with the feed pumps (FP1, FP2)
was done during the forward-flush operation. During recirculation, the flushing inlet valve
(V#.) and brine discharge valve (Vb) were kept closed and the circulation valve (Vcirc.) open.

After flushing, the filtration cycle was started. The feed pumps were started, followed by the
circulation pump. A fresh feed sample was taken from the feed tank. The permeate EC was
measured every 10 minutes from collected samples. Once the cycle time was complete, the
pumps were stopped, and brine samples were collected from the brine sampling point (Vs).
After sampling, flushing was started. The protocol was repeated for the next cycle. Figure 12
summarises the protocol followed for the experiments.

Forward-flush

+Open V; and V,; Close V..
*Run CP for 5 min.

/Stop filtration cycle A /Recirculation )
«Stop CP *Close Vy and V,; Open V..
«Stop FP, and FP, *Run FP, and FP, for 1 min. to
«Brine sampling in triplicate recirculate and dilute any

through V. trapped brine
[ | - N L
/Sampling ) /Continue forward-flush
*Feed sampling from the fresh +Open V; and V; Close V..
feed tank at the start of the «Start CP
cycle _ «Flush for 5 min.
*Permeate sampling every 10 «Stop CP
min. to measure EC
- / - /

Start filtration cycle
+Close Vg and Vy; Open V.

+Start FP; and FP,
«Start CP

Figure 12. Operation protocol for each cycle.

3.2.3. Experiments

Five series of experiments were performed, as follows:
i.  Series A: Initial experiments

Experiments were performed with plain demineralised water, and with feed containing silica
with NaCl. The silica concentration was varied: 35 mg/L, 70 mg/L and 80 mg/L as SiO». The
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concentration of NaCl was kept constant at 10 mg/L. The experiments consisted of a single 1-
hour cycle for each feed concentration.

ii.  Series B: Experiments with 70 mg/L silica

This series of experiments consisted of 5 cycles of 1 hour each, with feed water consisting of
70 mg/L SiO2 and 10 mg/L NaCl. The calculation of silica mass was done for this and for the
following series of experiments.

iii.  Series C: Consecutive experiments with 120 mg/L silica

This series of experiments consisted of 20 cycles of 1 hour each, with 120 mg/L SiO, and 10
mg/L NaCl in the feed water. The experiments were conducted with a fresh membrane element.

iv.  Series D: Experiments with increased cycle duration with 120 mg/L silica

This series of experiments consisted of 2 cycles of 3 hours each, with 120 mg/L SiO. and 10
mg/L NaCl in the feed water. For this series, a fresh element was installed.

v.  Calculation of system volume

It is important to calculate the system volume. In CCD, the system volume determines the
volume of brine generated at the end of each cycle, and consequently the system recovery. To
enable easy calculation of the volume, feed consisting only of MgSO4 was used. The high
rejection of MgSO4 would ensure that the concentration of salt in the permeate would be zero.
The feed was prepared by dissolving 50 mg/L of MgSQO4-H20 in the demineralised water. As
the EC is linearly proportional to the concentration of MgSQOj4, the EC was monitored to make
the volume calculations. The calculations are explained in Section 3.5.4.

3.3.  The Reverse Osmosis Membrane

Permeate

ol
el

Concentrate

Spiral Wound
Element Design

Cap
= Feed Water
Carrier

! \Semi-PermeabIe
Membrane
Edges are glued to form
Permeate Envelope

\ Permeate Carrier
Material

Permeate /

Flow

Feed
Solution

Figure 13. Design of spiral-wound elements [24].

Figure 13 shows the design of spiral-wound elements. A feed channel spacer (feed water
carrier) is placed between the semi-permeable membrane sheets to create space between the
sheets to allow feed water flow. Similarly, a permeate channel spacer (permeate carrier) is
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placed on the permeate side of the membrane. The membrane sheets are glued on three sides
and then wrapped around a core tube for permeate flow. The edges of the permeate spacers are
sealed to this core tube.

The ends of the element are sealed with an anti-telescoping device. A brine seal in placed in a
groove on the anti-telescoping device, at the feed side of the element. The brine seal forces the
feed to travel through the element and not around it. The brine seal has a U-shaped cross-
section, with the flared end facing the feed inlet.

3.3.1. Element Details

FILMTEC™ SW30-2540 elements were used for all the experiments in this research. These are
polyamide thin-film composite spiral-wound membranes. The FILMTEC™ semi-permeable
membranes consist of a thin polyamide barrier layer (0.2 um), a microporous polysulfone layer
(40 um) and a polyester support layer (120 um) [25]. Figure 14 shows the dimensions of the
element.

| A
B —B—I Dimension Length (mm)

/ —‘ A 1016
B 30.2
cDA[ Q% =1 DDIA C 19
[ | D 61
|Fiberglass QOuter Wrap 1
End Cap' Brine

Product
Figure 14. Dimensions of the SW30-2540 element [26].

Feed

3.3.2. Mounting an Element into the Pressure Vessel

The RO spiral-wound element is mounted into a
pressure vessel with the end with the brine seal
placed on the feed side. The element must be
loaded into and removed from the pressure vessel
along the direction of feed flow, to prevent slipping
or damage of the brine seal. Bearing plates are
fitted into the ends on the pressure vessel. The
bearing plate has ports to connect to the feed,
concentrate and permeate tubes. A locking ring set
fits into a groove along the inner surface of the
pressure vessel, holding the bearing plate in
position. Figure 15 shows the bearing plate on the

ide of th | Figure 15. The bearing plate on the
permeate-concentrate side of the pressure vessel. permeate-concentrate side of the pressure

The three-piece locking ring set is visible. vessel.

After loading the element, the pressure vessel was then mounted onto the setup, and the feed,
permeate and concentrate tubes connected to their respective ports. Each fresh element was
first subjected to an hour of filtration with demineralised water, to flush out any chemicals in
the element.
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3.4. Analytical methods

3.4.1. Online Measurements

The flow rates of the feed and permeate, and pressures of the feed and concentrate were
recorded continuously, with a data acquisition system at a 1-second interval, and then averaged
into 5-second intervals. The EC and temperature readings of the feed and concentrate from the
digital meter was stored continuously at a 5-second interval using MultiLab Importer®, an add-
in for MS Excel.

3.4.2. Silica Analysis

The silicomolybdate method was used to analyse soluble SiO2 (Hach Powder Pillow Method —
8185, Hach). This method is based on the reaction of silica and phosphate with molybdate to
form silicomolybdic acid complexes (yellow-coloured) under acidic conditions. After a 10-
minute reaction time, citric acid is added to destroy any phosphate complexes formed. A
spectrophotometer measures the remaining yellow colour, which indicates the SiO>
concentration. The original sample (without the addition of reagents) is used as a blank to
remove interferences by colour and turbidity. [26]

Total silica comprises of reactive (monomer) and non-reactive (polymer) silica. The
silicomolybdate method measures only the reactive form of silica present in the solution.
Analysis of total silica by ICP-MS failed.

Samples were stored in plastic containers to avoid contamination of silica. When not analysed
immediately, samples were stored at 5°C and allowed to warm to room temperature before
analysis. As the range of measurement of the test kit was 1 - 100 mg/L of SiOz; the samples
had to be diluted. The samples were diluted with ultrapure water to prevent contamination. The
stock and diluted solutions were weighed accurately to 0.01 mg to calculate the dilution factors.

3.4.3. ICP-MS Analysis

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used to measure sodium in the
samples. The samples were diluted with ultrapure water and then acidified with 1% ultrapure
nitric acid.

3.5. Calculations

The data collected from the online meters was used for calculation of the mass transfer
coefficient (MTC) and normalised pressure difference (NPD). The EC of the permeate was
measured from samples taken every 10 minutes, with a digital multiparameter meter. The
measured values were used to create a trendline to generate a series of values at a 5-second
interval.

The flow rate of the recycled concentrate was calculated from the flow rates of the actual feed
and permeate (Equation 3.1).

Qc = Qf - Qp (3.1)
Where, Q¢, Q. are the flow rates of the feed and recycled concentrate, respectively, in L/h.
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The flux through the membrane is calculated as shown in Equation 3.2.

4

Amem

J= (3.2)

Where,
] is the flux through the membrane in L/m?-h; and

Amem is the nominal active surface area of the membrane element in m2. For the SW30-
2540 element, this value is 2.7 m?.

3.5.1. Calculation of Mass Transfer Coefficient (MTC)

The mass transfer coefficient (MTC) was calculated with Equation 3.3 [27].

TCF
MTC = giem : N’Vg ; (3.3)
Where,
MTC is expressed in m/s-kPa;
Q, is expressed in m%/s;
Appem 1S €xpressed in m?;
TCFyrc is the temperature correction factor for MTC (dimensionless); and
NDP is the normalised driving pressure in kPa.
T CFyrc Was calculated with Equation 3.4.
TCFum = eU(Tf+1273_Tref1273) (3.4)
MTC

Where,
U is a membrane-dependent constant (dimensionless);
Ty is the measured feed temperature (°C);
T,¢s is the standard reference temperature (°C).

A U value of 3200 was used; based on experiments by PWN and Kiwa [28]. The reference
temperature 25°C is chosen because the feed to the CCD system in practice would be a by-
product of water production. Thus, it would not have low temperatures, as compared to freshly-
extracted ground water.

The normalised driving pressure (NDP) was calculated with Equation 3.5:

P+ P T+
NDPz(fZ C—Pp)—(fz C—np> (3.5)

Where,
NDP is expressed in kPa;
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P, P, B, are the pressures of the feed, concentrate and permeate, respectively, in kPa;
and

T, M, M, are the osmotic pressures of the feed, concentrate and permeate,
respectively, in kPa.

The osmotic pressure is calculated with Equation 3.6:

T; = Xgc—rps * Xrps—n " EC; - TCH, (3.6)
273 +T;

TCE, = 3.7

T 2734 Trey (.7

Where,
Xgc—TDs» XTps—r are factors that convert EC to osmotic pressure;
EC; is the electrical conductivity in pS/cm;
TCE, is the temperature correction factor for osmotic pressure (dimensionless); and
T; is the temperature in °C.
The conversion factors (xgco7ps, Xrps—r) Were calculated based on the dissolved salts and the

measured EC [27].

3.5.2. Calculation of Normalised Pressure Difference (NPD)

Monitoring the pressure difference across a membrane is important as it is an indicator for
fouling. The normalised pressure difference (NPD) is calculated with Equation 3.8 [27].

NPD = AP, - TCFxp - QCFyp (3.8)
AP, =Py — P, (3.9)
Where,
NPD is expressed in bars.
AP, is the actual pressure difference across the pressure vessel, in bars;

TCF,p is the temperature correction factor for the normalisation of pressure difference
(dimensionless);

QCF,p is the correction factor for feed flow through the pressure vessel
(dimensionless); and

Py, P, are the pressures of the feed and concentrate, respectively, in bars.

TCF,p is calculated with Equation 3.10.

T]Tref "
TCFyp = (3.10)

Tact

Where,
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n is an experimentally-determined constant (n = 3.4); and

nr 1S the viscosity (cP) at temperature T (°C), calculated with Equations 3.11 and 3.12.
The viscosity values were calculated with Equations 3.11 and 3.12.
If 0°C <T < 20°C,

1301
*lognr = ~3.302 11
87T 998.333 + 8.1855 - (T — 20) + 0.00585 - (T — 20)2 3.30233 (3.11)

If 20°C <T <100°C,

nr _ 1.3272-(20-T) —0.001053 - (T — 20)2

101
8, T + 105

(3.12)

QCFyp corrects the pressure-value for the actual flow per stage. For this single-element setup,
a value of 1 was used.

3.5.3. Silica Mass Balance

If the silica concentration measured in the brine (Xsio, prine) IS lower than the expected
concentration (Xs;o, expectea): there is silica retention in the system, indicating scaling. The
expected final concentration of silica in the brine was determined with Equation 3.13.

XSiOZ,expected = XSiOZ,initial -CF (3.13)
Where,

Xsio,,mitiar 1S the initial silica concentration, i.e. the silica concentration in the fresh
feed, in mg/L; and

Xsio, expectea 1S the expected silica concentration in the brine, in mg/L;
CF is the concentration factor of the system.

The formula for the calculation of CF was derived from the mass balance of the Na-
concentration, as seen in Appendix A.4.

= w (3_14)
EC; — EC,
The system recovery (¥s,s) is calculated from the CF, as shown in Equation 3.15.
1
Ysys = 1— CF (3.15)

3.5.4. Calculation of System Volume (Vsys)

The system volume was calculated using the CF value (calculated as seen in Appendix A.4),
with equation 3.16. (The derivation of the formula is seen in Appendix A.5).

Qp * teyer
Vsys= Z-F iy;e (3.16)
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3.6. Membrane Analysis

Microscopy and autopsy of the membranes were performed. After each experiment was
complete, the element was flushed with demineralised water to remove any brine retained
inside the element. Next, the element was removed from the pressure vessel and stored at 5°C.
The anti-telescoping caps at the ends of the element were cut off, as seen in Figure 16. Next,
the outer fibre-glass shell was removed, as seen in Figure 17.

Figure 16. Cross-section of the element before Figure 17. The element after removal of the anti-
removal of the fibre-glass shell. telescoping caps and fibre-glass shell.

Figure 18. The spread-out sheets of an element.

Figure 18 shows a spread-out element.

The membrane used for the 70 mg/L experiments as showed particle retention, mainly
brownish-red particles, probably iron from corrosion of some metal connections in the system.
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There was no visual indication of scaling on the membrane. Figure 19 shows the particles
observed on the membranes.

Figure 19. Particle fouling on the membrane used for the 70mg/L experiment.

3.6.1. Microscopy

Coupons of 10 cm x 10 cm were cut from the membranes for visual inspection under the
microscope. The coupons were rinsed with demineralised water to remove particles before
inspection.

3.6.2. Autopsy

Membrane autopsies were performed on the elements used for the experiments. An autopsy
can confirm whether minerals are retained on the membrane. For the autopsy, coupons of 5 cm
by 5 cm were prepared. The coupons were rinsed with demineralised water to remove particles
before analysis. Coupons from a fresh RO element were used as a blank sample. The sampling
points of the coupons are shown in Appendix A.3.

The coupons were analysed by the ASTM D6357 method. The elements were measured by
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES).
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Chapter 4

Results & Discussion

4.1. Series A: Initial Experiments

The results of the experiment series A were used to select a suitable concentration of silica in
the feed and to select a suitable cycle duration for the experiments. In addition to this,
improvements were made on the experiment protocol.

There were several issues with this series of experiments. Initial flushing was done with
demineralised water, i.e. at the start of the cycle, the system was filled with demineralised water
and not fresh feed. Consequently, the feed was diluted in the beginning of the experiment. For
the experiments to follow, flushing was done with feed water. The flushing was done with the
feed pumps. This resulted in very low flushing flow rate. For the next experiments, the
circulation pump was used.

For this series, the permeate EC was calculated by mass balance from the EC of the feed and
concentrate. As the ratio of the feed and concentrate EC values to the permeate was very big,
this resulted in inaccurate values of the permeate EC. For the experiments to follow, the EC
was measured by sampling the permeate every 10 minutes.

The results of this experiment series are displayed in Appendix B.1.

4.2. Series B: Experiments with 70 mg/L silica

This section discusses the results of the experiments series consisting of 5 cycles of 1-hour
each with 70 mg/L silica in the feed.

The MTC values were in the range of 0.38 x 107 to 0.43 x 108 m/s-kPa. The curves of the first
3 cycles were straight, without any decline. The 4™ and 5™ cycles started at a slightly higher
value but eventually merged with the other curves, 40 minutes into the experiment. Figure 20
shows the MTC graph of the 5 cycles. Clearly, there was no sudden decline in the MTC curve;
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and the MTC values of the consecutive cycles were the same or slightly higher than the
previous cycles.
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Figure 20. Mass transfer coefficient (MTC) graph for the 5 cycles of the 70 mg/L silica experiment.

Normalised pressure difference: The value remained constant at about 1.2 bar, as seen in the
NPD graph (Appendix B.2.1).

Flux and Recovery: The average flux was about 13 to 14 L/m?-h (Appendix B.2.2). The system
recovery was about 82% to 84% at the end of the 1-hour sequence (Appendix B.2.3).

Feed and Concentrate Pressures: Studying the pressure variation in an experiment is
important. With increasing osmotic pressure of the feed, more pressure is needed to push the
water through the membrane, against the natural osmotic flow. Thus, the feed and concentrate
pressure is expected to either remain constant or increase in an experiment. For this experiment
series, the pressures decreased by about 0.4 bar for the first 20 minutes of each cycle, before
becoming steady for the rest of the experiment (Refer to Appendix B.2.4). The decrease in
pressure can be explained using the temperature graph (Appendix B.2.5). The average
temperature in loop increased by about 4°C for the first 20 minutes before stabilising. Higher
temperatures result in less viscous water, requiring less pressure required. Hence, the pressure
required for the first 20 minutes was higher than the rest of the sequence. If there had been
fouling or drastic increase in the osmotic pressure, an increase in the pressure would have been
observed.

The silica concentration in the final brine was about 430 to 520 mg/L.

4.3. Series C: Consecutive experiments with 120 mg/L silica

This section discusses the results of the experiments series consisting of 20 cycles of 1-hour
each with 120 mg/L silica in the feed.

Figure 21 to Figure 24 show the MTC and NPD graphs for this experiment. All the cycles
showed the same pattern of decline in the MTC curve along the sequence. However, this
decline was not permanent as the original initial MTC value was recovered at the start of the
following cycle.
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For the first 5 cycles, the MTC values were in the range of 0.44 to 0.48 x 10 m/s-kPa. There
was a slight decline in the MTC curve along the sequence, of the first 2 cycles. The 39, 4™ and
5t cycles had almost constant MTC values. The MTC curves of all the cycles merged towards
to last 10 minutes of the cycle.

For the 6™ to 15" cycles, the MTC was in the range of 0.46 to 0.5 x 10°® m/s-kPa and declined
to 0.45 x 10 at the end of the cycle. There is very little variation between the MTC curves of
the cycles. In the last 5 cycles, the value was between 0.47 to 0.50 x 10 m/s-kPa and decline
slightly by 0.2 x 108 m/s-kPa.

Normalised pressure difference: The NPD value dropped from 0.9 bar in the first 5 cycles to
0.8 bar in the next 5 cycles. For the last 10 cycles, it was about 1.08 bar.
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Figure 21. MTC and NPD for R1 to R5 of the 120 mg/L silica experiment.
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Figure 22. MTC and NPD for R6 to R10 of the 120 mg/L silica experiment.
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Figure 23. MTC and NPD for R11 to R15 of the 120 mg/L silica experiment.
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Figure 24. MTC and NPD for R16 to R20 of the 120 mg/L silica experiment.

Flux and Recovery: The average flux in all the experiments was about 13 to 14 L/m?-h. The
flux of the 15th cycle was lower than the other cycles by about 0.4 L/m?-h. This was a result
of lower permeate flow rate due a setting on the feed pumps. The system recovery for the cycles
ranged from 78% to 86%. The 15" cycle had a lower recovery as a result of the lower permeate
flow rate. (Refer to Appendix B.3.1 for the flux and recovery graphs.)

Feed and Concentrate Pressures: The pressures show a similar pattern of decrease by 0.4 bar
or less for the first 10 minutes of each cycle before becoming steady, and then increasing
slightly towards the end of the experiment. (Refer to Appendix B.3.2 for the graphs.)

The silica concentration in the final brine was about 550 to 870 mg/L.

4.4. Series D: Experiments with increased cycle duration with 120 mg/L silica

Figure 25 shows the MTC and NPD graph for the 3-hour cycles with 120 mg/L SiO>. The initial
MTC value for both cycles was about 0.5 x 10 m/s-kPa. The MTC declines gradually through
the experiment but recovers its original value at the start of the 2" cycle. The MTC curve of
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the second cycle has a less steep decline due to a leak in the system, which led to the loss of
some concentrate, resulting in a less concentrated stream, and consequently, higher MTC
values. The effect of this leak is seen in the graphs of the online EC measurements (Appendix
B.4.1).

Normalised pressure difference: The NPD values were 1.05 bar for the 1% cycle and increased
to 1.08 bar in the 2" cycle.
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Figure 25. MTC and NPD for the 120 mg/L silica experiment with 3-hour cycle duration.

Flux and Recovery: The flux was about 13 to 14 L/m?-h. The recoveries of the 1% and 2" cycles
were 93% and 90%, respectively (Refer to Appendix B.4.2).

Feed and Concentrate Pressures: For the first hour, the feed and concentrate pressures
followed the same curve as the other 1-hour cycles. However, the pressures gradually increased
by 2 bar and 1.3 bar for the 1t and 2" cycles, respectively. This pressure increase corresponds
to the increasing pressure required to produce permeate (Refer to Appendix B.4.3).

The silica concentration in the final brine was 1800 and 1320 mg/L in the 1%t and 2" cycles,
respectively.

4.5. Discussion on NPD and MTC

The average flux for all the experiments was 13 to 14 L/m?-h. The normalised pressure
difference (NPD) is an indication of biological or particle fouling. With more clogging of the
feed spacer, the resistance increases, resulting in a pressure drop across the membrane. The 70
mg/L experiment (Series B) had the highest NPD, 1.2 bar. A fresh element had not been used
for this series of experiments. The same element was used for the initial experiments and the
numerous system-check tests, resulting in particle fouling. This could explain the high NPD
observed in this experiment, compared to other experiments. This is corroborated by the
particle fouling observed on the membrane used for this experiment (as seen earlier in Figure
19).

The mass transfer coefficient (MTC) curves showed a gradual decline but always recovered at
the start of the following cycle. That is, the decline in MTC was not permanent, even in the 3-
hour cycles with 120 mg/L of silica in the feed. The decline was probably due to the increasing
osmotic pressure in the recirculation loop. Moreover, increasing the feed silica concentration
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and increasing the cycle duration did not have an effect on the average MTC measured. Thus,
there was no indication of loss in permeability as a result of high silica concentrations in the
brine, leading to the conclusion that there was no scaling in the system.

4.6. Silica Mass Balance Results

The silica mass balance was calculated from the expected and measured concentrations of
silica. The results are displayed in Table 3. The colour codes are explained as follows:

Excess mass
No loss of mass
Loss of mass

Values between -10% and 10% were assumed to mean there was no loss of silica between the
measured and expected values. Values lower than -10% meant there’s excess mass measured
in the system. Values higher than 10% meant there’s a loss in mass, i.e. depletion of reactive
silica from the concentrate, possibly forming precipitates. Only 2 cycles showed a loss in mass.

The flow rate of flushing for the 70 mg/L experiment and the first 5 cycles of the 120mg/L (1-
hour cycles) experiment was not high enough (as flushing was done with the feed pumps).
Inadequate flushing between cycles might have caused retention of some brine in the system,
causing higher salinity in the system at the start of the next cycle. The final measured
concentration of silica would have been higher as a result. This explains the excess mass seen
in 3 out of 5 cycles of the 70 mg/L experiment. However, there was no effect observed on the
first 5 cycles of the 120 mg/L (1 hour) experiment. In the 120 mg/L experiment (1-hour cycle),
out of 20 cycles, 18 cycles showed no loss of mass. In the 120 mg/L experiment (3-hour cycle),
the second cycle showed excess mass. However, the results of this cycle are unreliable as a
result of a severe leak in the pump flange.
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Table 3. Calculation of the silica mass balance for the experiments.

SiO2 SiO2 mass balance
Experiment ~ Cycle ~CF  concentration ... ..q— measured
in the brine Expected concentration x 100
- - - mg/L %
70 mg/L SiO2 1 59 486 17
—1h 2 6.2 434 -11
3 6.4 444 -6
4 59 493 -20
5 59 521 -26
120 mg/L SiO2 1 6.7 708 12
—1h 2 7.0 794 5
3 7.0 836 0
4 7.0 873 -4
5 7.0 825 1
6 6.0 656 8
7 54 674 -5
8 6.6 745 6
9 55 716 -9
10 5.1 652 -7
11 6.3 733 4
12 5.9 781 -11
13 6.0 753 -5
14 6.6 857 -9
15 4.6 549 1
16 6.6 763 9
17 51 670 -4
18 6.0 732 3
19 6.9 871 1
20 6.3 799 1
120 mg/L SiO2 1 14.2 1800 -6
-3h 2 9.8 1324 -12

To conclude, there was no loss of silica in the mass balance calculations, signifying the absence
of scaling. The reactive silica concentration in the brine was as high as 1800 mg/L in the 3-
hour cycle, attaining a recovery of 93%.

Figure 26 shows the monomeric silica concentration measured in the brine at the end of each
cycle. These concentrations were attained without noticeable scaling.
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Figure 26. Silica concentration in the brine at the end of the experiment.

4.7. Calculation of System Volume

In CCD, the system volume determines the volume of brine generated at the end of each cycle,
and consequently the system recovery. The standard system volume was calculated by
conducting a 1-hour experiment with feed containing only MgSOs in the feed. The rejection of
MgSO4 observed was 100%. The concentration factor of the system was 5.85 for a 1-hour cycle
duration. The calculated system volume was 7.67 L.

The standard system volume was compared to the other cycles to determine the influence of
the pump flange leakage on the quality of the experiments. Thus, the calculation of the system
volume was also a verification for the quality of each experiment.

The standard value was compared to the volume calculated for other experiments using the
concentration factor (CF) at the end of each cycle. For the 3-hour cycles, the values of CF at
the end of an hour was used for the calculation of the system volume, for comparability to the
system volume of the MgSO4 experiment. The results are displayed in Table 4. The colour
codes are explained as follows:

Lower volume
System volumes match
Higher volume

Values in the range of -10% to 10% were assumed to be equal to the standard system volume.
Values lower than -10% meant that the calculated volume was lower than the standard. Values
higher than 10% meant that the calculated volume was higher than the standard. Higher system
volumes were the influence of the pump leakage. Lower system volumes could be caused by
inadequate flushing between consecutive cycles.

As mentioned earlier, inadequate flushing results in a higher final concentration of the brine,
resulting in a higher CF. Referring to the formula for the calculation of system volume, a higher
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CF results in a lower system volume. For the experiments which had insufficient flushing (70
mg/L experiment and the first 5 cycles of the 120mg/L (1-hour cycles) experiment), 7 out of
10 cycles had a lower system volume.

Out of the remaining experiments which had sufficient flushing, 15 out of 17 experiments
matched system volumes to the standard. Four cycles showed higher volumes, as a result of
the leak.

Table 4. Calculation of the system volume for the experiments.

Calculated Difference

CF ~ Average Sequence “. com  with MgSOq

Experiment  Cycle

G lng) Qe time volume experiment
- - - L/h min L %
MgSO: - 1h - 5.9 37 60 7.7 Standard
1 5.9 35 60 7.0 9
2 6.2 34 62 6.8 12
70mg/L-1h 3 6.4 36 60 6.7 13
4 5.9 36 60 7.4 3
5 5.9 37 60 75 2
1 6.7 39 60 6.7 12
2 7.0 38 60 6.4 17
3 7.0 39 60 6.5 16
4 7.0 39 60 6.5 15
5 7.0 39 60 6.5 15
6 6.0 37 59 73 5
7 5.3 36 61 8.4 10
8 6.6 38 61 6.9 -10
9 5.5 37 60 8.2 7
10 5.1 36 61 8.8 15
120mglL-1h 6.3 37 62 7.2 6
12 5.9 37 60 7.7 0
13 6.0 37 61 75 5
14 6.6 38 61 7.0 9
15 4.6 35 60 9.7 26
16 6.6 38 61 6.8 11
17 5.1 36 59 8.7 14
18 6.0 38 61 7.6 0
19 6.9 38 60 6.5 16
20 6.3 38 60 7.2 6
1 5.7 36 60 77 1
120mg/L-3h 5.0 36 60 8.9 16
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4.8. Membrane Analysis Results

4.8.1. Microscopy Results

Figure 27 shows the images of the blank membrane analysed under the microscope, at 20- and
120-times magnification.

Figure 27. Microscopy of the blank membrane; Magnified 20 times (left) and 120 times (right).

Figure 28 and Figure 29 depict images of the membrane used for the 20 consecutive cycles
with 120 mg/L silica in the feed (Experiment series C). There is particle fouling on the
membrane, along the feed spacer, resulting in the pattern of the spacer on the membrane, as
seen in Figure 28.

Figure 28. Microscopy of the membrane used for experiment series C; magnified 20 times, under different light
settings.
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Figure 29. Microscopy of the membrane used for experiment series D; magnified 200 times.

Figure 30 depicts images of the membrane used for the 3-hour cycles with 120 mg/L silica in
the feed (Experiment series D).

Figure 30. Microscopy of the membrane used for experiment series D; Magnified 20 (left) and 100 times (right).

Comparing the images of the membranes used for experiment series C and D to the blank, there
was no visible evidence of scaling observed.

4.8.2. Autopsy Results

Table 5 is a compilation of the membrane autopsy results. The exact point of sampling for each
coupon is illustrated in Appendix A.3. The values of Al, Ca, Cu, Fe, Mg and Mn were below
detection levels (10 pg/cm? for Al; 5 pg/cm? for Ca, Cu, Fe, Mg and Mn).
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Table 5. Membrane autopsy results.

Bl Feed 25 45 850 1370
B2 Concentrate 30 40 950 1300
M1f Feed - - - -
M2f Concentrate (32) - - -
M3f Feed (40) - - -
M4 Concentrate (80) - - -
M9 Middle 56 45 235 1350
M5 Concentrate 58 58 270 1350
M6 Feed 58 66 260 1535
M7 Concentrate 66 48 275 1395
M8 Feed 48 56 235 1390

The silicon values in 120 mg/L experiments (Series C and D) are twice to thrice the values on
the blank membranes. The blank samples have a relatively high sodium concentration
compared to the other samples. This could be attributed to the preservative storage solution of
new elements. FILMTEC™ membranes are preserved in 1% sodium metabisulfite, preventing
biological growth during storage and transport [29]. The titanium and potassium concentrations
appear similar to the blank samples.

The membrane autopsy results show that the membranes of the 120 mg/L experiments had
higher silicon content per sample area compared to the blank membrane. This could be a sign
of scaling, but it is difficult to prove that in a scientific way. If there was scaling, the amount
of deposition must have been very little, as there was no loss in the mass balance calculations.
This was supported by the MTC curves that showed no permanent decline with consecutive
cycles. Furthermore, there was no visual evidence of scaling observed with the microscope,
because if there was scaling on the membrane, it is at the initiation stages and only specific
parts of the membrane were observed, not the whole.

4.9. Discussion on State of Silica in the System

The brine produced in these experiments were alkaline (pH > 10) with high concentrations of
sodium and silica (monomeric). The concentration of silica in the brine was about 15 times the
saturation level (118 mg/L) [8], without any scaling. This could be explained by the formation
of neutral complexes (Si7O18HsNas) that behave like colloids [31]. These colloids can
aggregate up to sizes of 3 nm. When the concentrated solution is diluted, the aggregates
decrease in size, eventually disappearing. The brine samples were diluted before the analysis
of silica with the silicomolybdate method. Hence, the complexes formed in the brine would
have dissociated back into monomeric silica.

T The analysis of the samples M2, M3 and M4 were done assuming M1 was a blank. Although the exact values
might not be correct, they can still be compared among each other.
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At pH > 9, the rate of polymerisation of silica monomers slows down and there is an increase
in the solubility of silica [7] [8]. In the current study, silica concentrations of 1800 mg/L were
achieved in 3-hour cycles, without seeing significant depletion of monomeric silica. As the pH
in the prepared feed was about 10, rate of polymerisation would have been slow. There was no
depletion of monomer silica from the brine, as shown by the measurements of monomer silica
by the silicomolybdate method. The high pH and the absence of other components such as
calcium and magnesium could have delayed polymerisation in such supersaturated conditions.
The absence of components such as non-silica colloids, pre-existing scale or corrosion products
could have prevented heterogenous scaling of silica. Darton’s review of membrane autopsies
highlighted the significance of polyvalent cations like iron (Fe**) and aluminium (AI**) in silica
scaling. Out of 100 membrane autopsies, only a single membrane with silica fouling had neither
iron nor aluminium in the deposits [31]. This could mean that there is a risk of scaling in the
system, at similar super-saturations of silica, in the presence of these components.

39



Results & Discussion

40



Chapter 5

Conclusion

This research study evaluated the effectiveness of closed-circuit desalination (CCD) in
delaying, reducing, or even preventing silica scaling on membranes when dealing with feed
containing significant levels of silica. A CCD setup with relevant meters was designed and
built. Silica scaling was monitored by MTC and silica mass balance calculations, and by
destructive analysis of the membrane. The silica concentration in the feed was increased as
high as 120 mg/L as SiO»; up to 20 consecutive experiments were performed; and the cycle
duration was increased from 1 to 3 hours.

The MTC graphs showed a gradual decrease that recovered with flushing at the end of the
cycle. There was no permanent decrease in MTC, even at the end of the 3-hour cycle
experiments with 120 mg/L silica in the feed.

Scaling would have resulted in the depletion of reactive silica from the brine, which would
have created a difference in the mass balance calculations. According to the silica mass balance
calculations, there was no significant loss of silica in the brine.

The results of the membrane autopsy showed that the membranes from the 3-hour cycles had
higher silicon on the membrane compared to the blank. It is not clear if the higher silicon
concentration was a result of scaling or was simply brine residue left on the membrane coupons.
As there was no loss in the mass balance calculations, even if there was scaling, it must have
been too minimal to see a significant loss in the mass balance calculations. There was no
depletion of reactive silica from the brine, despite high supersaturations (about 15 times the
saturation level).

Thus, the designed CCD system was resistant to silica scaling in these conditions, of high pH
and in the absence of other components such as iron, aluminium, calcium and magnesium.
High levels of silica supersaturation in the brine were achieved without the use of anti-scalants.
Recoveries over 90% were reached with up to 1800 mg/L silica in the brine, without noticeable
scaling. Hence, this validates the ability of this technology to treat RO brine to reclaim as much
water from the brine, producing an even more concentrated brine stream, from which extraction
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of minerals would be possible, despite high concentrations of silica in the feed. The extremely
high recoveries attained by the system would result in small volumes of very concentrated
brine, making the extraction of minerals more cost-effective, because lesser volumes at higher
concentration must be treated to obtain the same amount of minerals. Cost-effectiveness is
crucial if the technologies of mineral extraction are energy-intensive.

The results of this study proved that, despite high concentrations of silica in the feed, CCD can
improve the total efficiency of RO systems (with regard to the water wastage) by recovering
water from the brine produced by RO installations. This is especially important in the present
scenario of growing pressure on natural water sources. The system successfully reached
recoveries higher than 90% without the use of anti-scalants.

42



Chapter 6

Recommendations

The CCD system has been considerably resistant to scaling despite high concentrations.
However, there are several issues that need to be studied further before application in practice.

A thorough study of the chemistry of silica in the system is required. This could help understand
the effect of other components, and the optimal water quality parameters to maintain, such as
the pH and temperature of the system. The pH in the system needs to be monitored, to
understand the chemical interactions that take place in the supersaturated brine solution. In this
research, only monomeric silica was measured. Measuring total silica (monomeric and
polymeric silica) would be required in the event of formation of polymeric silica.

In the 120 mg/L experiments, the ratio of concentrations of Na:SiO> in the fresh feed was
1:30.5. A change in this ratio could affect the silica chemistry in the concentrate. In the brine
from the EVIDES RO plant (ZERO BRINE project), the ratio of Na:SiO is 1:0.03. George
reported that high concentrations of NaCl (greater than 15 g/L as NaCl) reduced the induction
time and rate of polymerisation, with an initial silica concentration of 400 mg/L [20]. The effect
of sodium concentration on the silica chemistry should be investigated.

The membrane autopsy done in this research did not provide absolute indications of scaling.
There were too few samples to compare and make a strong conclusion. A more detailed
membrane analysis with more samples from each element could provide more conclusive
results regarding the deposition of minerals on the membrane.

The pH of the prepared fresh feed was very high (= 10) and consisted of only sodium and silica
(SiO2). The presence of calcium and magnesium in solutions at such high pH, with increased
solubility of silica increases the potential for scaling. The presence of polyvalent metal ions
such as iron or aluminium can cause heterogenous precipitation of monomeric silica. Thus, in
the presence of such elements, silica scaling could occur much faster. Experiments should be
performed to assess if CCD can prevent scaling in system despite the presence of these
components.
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In the present study, experiment series C consisted of 20 consecutive cycles of 1 hour each,
adding up to 20 hours of cycle-time. There was no scaling observed, as per MTC and mass
balance calculations. The results of this research validated the short-term performance of CCD
with respect to silica scaling. Experiments in a pilot plant could shed light on the long-term
performance of CCD.

Finally, experiments need to be performed using feed water based on the actual RO brine. The
complex nature of the brine composition would probably result in different scaling dynamics.
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Symbols & Abbreviations

Symbols & Abbreviations

Amem Nominal active surface area

CCD Closed-circuit desalination

CF Concentration factor

CT Cooling tube

CP Circulation pump

EC Electrical conductivity

FP1, FP2 Feed pumps

GDP Gross domestic product

ICP-AES Inductively coupled plasma atomic emission spectroscopy
ICP-MS Inductively coupled plasma mass spectrometry

J Flux through the membrane

MTC Mass transfer coefficient

n Experimentally-determined constant for calculation of TCFap
NDP Normalised driving pressure

NPD Normalised pressure difference

PD Pulse-dampener

Ps, Pc, Pp Pressures of the feed, concentrate and permeate

PV Pressure vessel

QCFap Correction factor for feed flow through the pressure vessel
Qr, Qf fresh, Qp, Qc Flow rates of feed, fresh feed, permeate, concentrate

RO Reverse 0smosis

SM Static mixer

TCFmTC Temperature correction factor for MTC

TCFap Temperature correction factor for NPD

TCFx Temperature correction factor for osmotic pressure

TDS Total dissolved salts

Tt, Tref Feed temperature, standard reference temperature

TOC Total organic carbon

teycle Cycle duration
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Symbols & Abbreviations

tind Nucleation induction time

tres System residence time

U Membrane-dependent constant
Vb Brine discharge valve

Virc. Circulation valve

Vp Volume of permeate produced
Vi, Flushing inlet valve

Vs Brine-sampling valve

Vsys System volume

XEC>TDS Conversion factor of EC to TDS
XTDS>n Conversion factor of TDS to osmotic pressure

XSiOz,initiaI, XSiOz,expected

Initial and expected silica concentrations

APa

Actual pressure difference across the pressure vessel

nr Viscosity at temperature T
T, T, Tp Osmotic pressures of the feed, concentrate and permeate
Ysys System recovery
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Appendices

Appendices

A. Materials and Methodology

A.1l. Specifications of the online meters used

Name Manufacturer Reading Range Accuracy
el Peslite | (Cs SHS e Absolute pressure 0 - 40 bars 0.25%
meter Controls

%2?; Pressure Endress+Hauser ~ Gauge pressure 0 - 25 bars -

Gems Sensors & Turbine flow

Feed flow meter 6 - 600 L/h 3%
Controls meter

Permeate flow Gems Sensors & Turbine flow 6- 150 L/h 30

meter Controls meter

Digital EC 0.01-2000 mS/cm £ 0.5%

Multiparameter WTW . .

meter Temperature 0to 100 °C +0.2°C
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A.2. Design of the static mixer (Primix)
1 | 2 | 3 4
, , Drawn IChecked |Approved
Rev..|Revision note: | date: date: date:
Telerance for pregsure vessels scoarding DIN 280051
Range rn] [ vessel leogen | Blcance rele THecds Bt o
L, mm| i)
=30« 120 &3 23 =3
A =120 A0 Eq 7 24
=400 « 100 =6 =3 =4
— —, — 1000 « 2000 -] =d
I/,DSH\. If _1\] r/n 2-\\1 =R - 4000 + 11 =6
i y =4 000 - BOOO + 94 =8
N NS =E000 - 12000 i =10
7
o I, s

L

K
sy

SECTION

MIXER DIMENSION & WEIGHT (BSP{M) nipples)

Outside | Wall WUMBER OF ELEMENTS
D| size  |diameter|thickness 2 3 1 3
Dfmm] | tfmm] | Limm] | Wikg] [ Lmm] | Wikg] | Lmm] | Wkg] | L[mm] | Wikg] | L[mm] | W [kg]
ON107 HE- 16 12 100 0.4 121 .04 133 0. 164 0. 138 .05
OMIST 12 | 20 15 118 0.0 146 0. 172 01 100 01 228 0.1
OM20/ W4 | 25 13 [E] Gl [ 0.1 02 01 235 0.1 260 0.1
DNZ5 1 1" 32 24 150 Gl 203 02 245 [ 260 0.2 332 0.2
—|DNE2 1A A0 30 187 0.2 24 02 205 03 ETT] 04 a0 0.4
DH4D /1 12" 50 37 216 0.3 284 0.4 353 0.5 420 0.6 433 0.7
DN30 | 2” E3 47 258 0.8 3 0E 320 00 520 1.1 B8 1z
DNES /2127 75 56 28 0.8 200 0E EiA 10 ] 3 71 15
DNED | 3" 30 i BT 11 250 16 EEZ 21 710 il 342 EN
DNIDOI 4° | 110 B2 45 10 565 27 T30 EX3 ] a4 [1E] ]
03 |Adapior bush equal PM18 (+GFs) BSAM c-u 2
02 |Helical Shaped element PyC-U
M |Housing SDR 13.5 PH1E (+57+) PYCU
:"D'“ Description: ::_:":;;“ standard / Material: ::_'t: :"ﬁ Final dimension  |Weight: | Rew.:
Dirawn by; Checked by; |[Approved by: [Date; Cllent ref,; Prolect; Scale; |Format;
F NR RJwW 10/05/05 1.~ Ad
= — P;:-51bu5|22c. 3540 AE P-1I|dr\achl| Projectlon:  |Tlle:
- ~ Wljverhildsweg 17=f, 3647 RP Mljdrech
Q;gmgm” . QDS PVC BSP(M) STATIC MIXER
DDIRETY F -3 (0)287-28 50 30 @‘E‘ dwg.no., Shesl:  |Rev.No.
IM E |nfod@pdmix eu
| ww.w.prll‘ﬂlﬁ..eu T'?MS_—_—P‘VC—BS P{M :| 1."1 1

Auteursrecht voorbehouden volgens de wet / Copyrights reserved according to law,
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A3

Sampling points for the membrane autopsy

The following figures show the positions of the coupons on the spread-out element.

Blank membrane

FEED SIDE
=

AdIS IVIINGINOD

70 mg/L - 5 cycles — 1-hour sequence

(Series B)

FEED SIDE

AdIS AIVIINAONOD

120 mg/L — 20 cycles — 1-hour sequence

(Series C)

FEED SIDE

ddIS AIVIINAONOD

120 mg/L — 2 cycles — 3-hour sequence

(Series D)

FEED SIDE

AdIS AIVAINIONOD
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A.4. Derivation of the concentration factor formula

Mass balance of the system:
Feed = Permeate + Brine

Where,

®

Ve, V, and V, are the volumes of total feed consumed, permeate produced and brine

produced, respectively, in L; and

X¢, Xp and X, are the concentrations of Na in the feed, permeate and brine (concentrate),

respectively, in mg/L.
In terms of system recovery (ysys),

Vo =Vsys * Vy and Vy = (1= ¥sys) - Vg

1

Vsys=1_ﬁ

Substituting Equation (iii) in Equation (ii),

Vs =(1—%)-Vf and Vy, =<%)-Vf
Substituting Equation (iv) in Equation (i),
Vi Xy = Vf{(1—i>-xp+i-xb}
CF CF

C(CF=1)-X, +X,
s CF

CF- (X —Xp) =X, — X,

Therefore,
X, — X
CF=-2_"F
Xf - Xp

(ii)
(iii)

(iv)

(v)

(vi)
(vii)

(viii)

Since concentration of Na is linearly-related to the EC of each stream, Equation (viii) should

be valid with the substitution of EC values of the respective flows.

EC, — EC,
EC; — EC,

(ix)

Where, EC;, EC, and EC. are the electrical conductivity of the feed, permeate and

concentrate (brine), respectively, in uS/cm.

54



Appendices

A.5. Derivation of the system volume formula

| E
| |
@ i
| |
: f f |
I CF = = (Xl) :
; Vi=W Vb |
: |
! VW +Vy , o
| CF =-L 7 ; since Vp =V, +Vp (xii) :
| :
= teyere + V. |
| o = Jo Leyeie * Voys since Vi, = Vyys (xiii) |
! Vsys i
| :
| V;ys(CF -1)= Qp * Leycle (xiv) :
i :
: Q “teyel |
g T 3
| :
: |
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B.

B.1.

Results

Results

of experiment series A: Initial experiments
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B.2.

B.2.1.
3
7

Results of experiment series B: 70 mg/L silica, 5 cycles of 1 hour
NPD graph for the 5 cycles of the 70 mg/L silica experiment
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B.2.2. Flux graph for the 5 cycles of the 70 mg/L silica experiment
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B.2.3. System recovery graph for the 5 cycles of the 70 mg/L silica experiment
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B.2.4. Feed and concentrate pressures for the 5 cycles of the 70 mg/L silica experiment

Feed and Concentrate Pressures
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B.2.5. Average feed and concentrate temperature for the 5 cycles of the 70 mg/L silica
experiment
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B.3. Results of experiment series C: 120 mg/L silica, 20 cycles of 1 hour
B.3.1. Flux and recovery for the 20 cycles of the 120 mg/L silica experiment
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B.3.2. Feed and concentrate pressures for the 20 cycles of the 120 mg/L silica experiment

Feed and Concentrate Pressures
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B.4. Results of experiment series D: 120 mg/L silica, 2 cycles of 3 hours
B.4.1. Variation of the EC in the 120 mg/L silica experiment, with 3-hour cycle duration

Feed, Concentrate and Permeate EC measurements
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B.4.2. Flux and recovery for the 120 mg/L silica experiment, with 3-hour cycle duration
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B.4.3. Feed and concentrate pressure for the 120 mg/L silica experiment, with 3-hour cycle
duration
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