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Summary

The scarcity on clean freshwater and the growing need for potable and industrial process water is a universal
concern that must be resolved by implementing strategies such as desalination. While seawater desalination
hasbeen a practice for along time, brine producing industries progressively become the center of attention as
they carry greater environmental consequences. Additional to water production, minimizing the production
of waste in treatment of industrial brines must be targeted. Efficient membrane and thermal based technolo-
gies, or a combination of both, have been developed and are continuously improved for better performance.
Despite the extensive literature that can be found on desalination performance per technology, limited in-
formation is available about the practical comparison of the technologies with regards to the brine concen-
tration performance and associated energy consumption. This thesis study aims to contribute to bridging
this knowledge gap by comparing reverse osmosis (RO), electrodialysis (ED) and vacuum membrane distilla-
tion (VMD), due to their relevance and potential in current industrial water treatment practices. A literature
review was conducted to understand the principles of the different technologies, identify their key parame-
ters that influence the brine performance and provide theoretical basis for the experimental design and work.

RO was studied by simulations using WAVE software, which is widely applied in practice, while ED and
VMD were studied by performing lab-scale experiments. The concentration performance was assessed by
the achieved concentration factor (CF). The energy consumption was expressed as kWh per m® concentrate
production. The experimental performances of ED and VMD provided results close to reality. This allows
drawing conclusions with more certainty compared to simulation methods. Therefore, this study contributes
to engineering by industrial scale representation on lab-scale practices.

By performing RO simulations, the effect of feed concentration and net driving pressures on achieved concen-
tration factors and energy consumption were examined. The WAVE simulation results show that the achieved
CF was greatly influenced by the feed concentration. Applying higher net driving pressures results in higher
recoveries and thus CE Highest recoveries were achieved at the lowest feed concentration, whilst the lowest
recoveries were achieved at the highest feed concentration.

By performing VMD experiments, the effect of feed concentration, operating temperatures and unsteady
flow condition on achieved permeate fluxes, energy consumption and their distribution were examined. The
associated vapour pressure for each test condition was simulated using the PHREEQC software. Increasing
the operating temperature led to an increase in pure water permeate flux and a similar trend was observed
using different feed concentration. However, a decrease in permeate flux was observed with increasing solute
content in the feed, which is related to the vapour pressure lowering phenomena. Comparison of the pure
water permeate flux and permeate fluxes obtained using synthetic NaCl solutions showed that the effect of
operating temperature on permeate flux is greater than the effect of the feed concentration. Condensation
contributed to the highest energy consumption (81%), followed by the vacuum pump (18.9%). In practice, ef-
ficient heating and cooling pumps result in a significant energy consumption decrease. Coefficient of perfor-
mance (COP) values were considered for the thermal energy components, which reduced the overall energy
consumption by 41%.

By performing ED experiments, the effect of feed concentration, applied current density (CD), cross-flow
velocity and volume ratios on achieved concentration factors, mass transfer and its distribution, and energy
consumption were examined. The operating principle of the ED experiments was 50% salt removal from
the feed stream. Results show that increased salt concentration and cross-flow velocities resulted in higher
limiting current densities. Furthermore, lower applied partial CD prolonged the operational time. Applying
different CD did not influence the concentration factor, meaning that it is more advantageous to apply lower
CD to achieve the same desalination from an energy saving point of view. Furthermore, the CF decreased with
increasing feed concentration. This trend intensifies with increasing volume ratios. Results show that the di-
lution factors of the diluate were not equal to the concentration factors of the concentrate, which is related
to the osmotic, electro-osmotic and salt mass transfer and its distribution. Results show that the osmotic
water transport contribution decreased with increasing feed concentrations. However, the effect of absolute
water transport became more significant at higher feed concentrations. This resulted in overall dilution of
the concentrate stream and subsequently lower CE The distribution of mass transport was similar for differ-
ent volume ratios, meaning that higher CF can be achieved by applying higher volume ratios. Higher energy
consumption was related to higher feed concentration, due to larger amount of salt transport. Furthermore,
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higher volume ratios resulted in higher energy consumption due to the reduced concentrate volume.

RO, VMD and ED proved to be suitable technologies for concentrating NaCl feed solutions of between 20 and
80 g/L. RO and ED showed very similar concentration performance and energy consumption. A maximum
salt concentration of 118 g/L was achieved by RO, whilst ED was able to reach a maximum salt concentration
of 140 g/L. A notable difference is that RO was able to achieve higher CF with lower energy consumption com-
pared to ED at feed concentrations lower than 60 g/L, while ED outperformed RO in terms of concentration
performance and energy efficiency at higher feed concentrations. The overall energy consumption of ED and
RO can be reduced by applying a multi-stage configuration. The VMD results showed that the average energy
consumption to achieve a similar CF as RO and ED, increased by a factor of 61. The energy consumption by
VMD is governed by the amount of water to be evaporation and thus this application is more advantageous
at higher feed concentrations and even more so when waste heat is available. Considering all streams in-
volved in these technologies, VMD and RO are suitable for cases that require high quality permeate whereas
ED is not. As such, the technologies could also be applied together to minimize waste production, whilst
prioritizing concentration.

Key limiting factors and their relation to energy consumption for brine concentration of RO, ED and VMD
were successfully identified in this study. Furthermore, lab-scale experiments and simulations for a NaCl
concentration range between 20 and 80 g/L were conducted to quantify and assess the different technologies
based on concentration performance and associated energy consumption. This study serves as a foundation
to broaden the current knowledge on brine treatment for the technologies RO, ED and VMD, and its results
can be used case-by-case as a decision support tool for selecting a suitable brine treatment in larger treatment
schemes.
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Introduction

Fresh water scarcity and the continuously increasing demand for potable water and process water for indus-
tries are major global concerns. Whilst improving water demand management reduces the disparity between
water demand and supply, it must go hand in hand with better supply practices. Approaches of such prac-
tices involve developing low-cost and efficient technologies for water production and supply. One strategy
that is implemented progressively in the recent years is water desalination [7]. Desalination is a purifica-
tion process where high saline feed water is processed into a desalinated water stream and a concentrate
stream containing salts and other dissolved chemicals [8]. Depending on the quality and the intended use for
the desalinated water, post-treatment is required which may include disinfection or remineralization among
other things. This strategy has become an attractive solution for water production, as it is not dependent
on water sources directly affected by hydrology such as precipitation or deep percolation. Furthermore, as
desalination technology advances constantly, the associated economic costs reduces, and hence, making it
a competitive solution as well [9]. A growing interest in the environmental impact and economy and energy
concerns related to highly concentrated stream disposal was validated through a study by Jones et al., which
provides a global assessment of research and practice around desalination [10].

In general, the term desalination is used for the treatment of natural occurring water such as seawater or
salty lakes. However, desalination in industries also experiences important growth. Some industries produce
high saline waste streams (brine) that are in general more concentrated and complex but commonly does not
produce potable water, compared to the aforementioned desalination process. These streams originate from
industries such as oil and gas, textile, food and coal mining among others. Treatment of such brines generally
results in effluent that can be reused within the treatment operation or safely discharged to the environment,
provided that the effluent quality is according to the discharge guidelines [11, 12]. The concern with saline
industry wastewaters is that the treated brine carries greater environmental consequences and thus proper
discharge of the treated brine requires focus of attention, as associated greenhouse gas emissions and waste
products negatively affecting marine habitat or surrounding soil must be considered [13].

1.1. Desalination for industry

In essence the desalination method is based on a separation step and often, but not always, followed by a
concentration step. Industry desalination uses the same principles and thus conventional desalination tech-
nologies can be applied. These technologies can be generally categorized into two groups, thermal based and
membrane based technologies. Thermal technologies work on the principle that thermal energy is supplied
to water with high salinity, to evaporate water vapour. Subsequently, the water vapour is condensed to obtain
product water [8, 14]. Such technology is advantageous in regions where water salinity is high and energy
costs are low, for example in the Middle East. In this region fossil fuel is low-priced and water production via
thermal desalination is usually co-generated with power production [15-17]. However, because of the grow-
ing concern about efficiency and energy costs involving thermal desalination and decreasing electricity costs
due to constant development in renewable energy, membrane based technologies are becoming preferred
systems for desalination.

Membrane based technologies can be pressure, chemical or electrical driven and use a physical barrier
by means of a membrane to separate dissolved salts from the feed water. Historically, thermal technology
was the referred method for water production from saline water. Presently, membrane technology is dom-
inating the desalination sector with reverse osmosis (RO) as most commonly used in desalination process
globally [8, 14, 18]. RO is a pressure driven technology, that uses high pressure to push water through a semi-
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permeable membrane by overcoming the osmotic pressure and membrane resistance. The RO membrane
pore size is around 1 x 10~* um, which means that ions and dissolved salts can be rejected. Rejection of ions
by RO can be distinguished into two mechanisms, uncharged and charged membrane rejection. The former
is mostly dependent on the effective radius of ions in water (size), interaction between different ions, and
the diffusivity and solubility of ions. Additionally, some membranes carry charged groups. Depending on its
density and charge, similar charged ions (co-ions)in the solution are rejected, while opposite charged ions
(counter-ions) pass the membrane. However, a known limitation to the separation process using charged
membranes is the principle of electroneutrality in ionic solutions. This means that rejection of ions by the
membrane is influenced by the electrostatic interactions between the charged membrane and ions [19]. Two
streams are thus produced by RO, permeate and concentrate. As RO is very susceptible to membrane fouling,
pre-treatment is required. Furthermore, osmotic pressure increases linearly with increasing brine concen-
tration and thus higher pressure is required. As the RO membrane is limited by very high pressure, highly
concentrated feed streams cannot be treated directly and should pre-treated for reducing concentration and
to avoid damage to the membranes [20]. High pressure translates into high energy use and decrease of the
life span of membranes. Over time, new developments in the field of membrane technology allowed for lower
energy consumption and overall performance efficiency of desalination systems by means of improved mem-
brane structures, energy recovery devices (ERD) and pressure exchangers among other things [? ].

As technology develops, conventional technologies are replaced by more simplified and more efficient con-
figurations, such as membrane distillation (MD). MD combines distillation and membrane separation pro-
cesses, where a hydrophobic micro-porous membrane separates the warm feed chamber and the permeate
chamber. This process is thermally driven and works on the principle that water is volatile, however salts
and other minerals are not [21]. The temperature gradient results in a vapour pressure difference across the
membrane. Depending on the methods to induce the vapour pressure gradient and how the vapours are
collected from the permeate side, MD modules are classified into several basic configurations [1, 22]. Partic-
ularly interesting for brine concentration is the vacuum membrane distillation (VMD) configuration, which
requires a vacuum pump to extract the vapour from the permeate side. Subsequently, the vapours condense
in an external condenser [18]. Compared to other thermal desalination processes such as multi-stage flash
distillation (MSF) and multi-effect distillation (MED), MD can be operated at much lower temperatures and
is much more compact, thus can be applied at smaller scale. Furthermore, high rejections for non-volatile
components can achieved and is less sensitive to feed variations (e.g., pH and TDS), unlike RO. However,
energy savings regarding comparison of MD configurations to competing brine concentration processes are
not yet extensively researched in literature. For industrial application of MD, this means a limitation due to
uncertainty in energy and economic costs [23, 24].

Electrodialysis (ED) is a membrane technology driven by electric current. ED is a more advanced separa-
tion process, that has been widely used in applications for separating and concentrating purposes. The ED
membrane sequence consists of alternating cation and anion exchange membranes, CEM and AEM respec-
tively. The CEM contains negatively charged groups in the polymer matrix and the AEM contains positively
charged groups. Spacers are placed in between the CEM and AEM to form a cell pair. In turn, multiple cell
pairs create a stack that is situated in between an anode and a cathode. Provided that electrical potential is
created in between the electrodes, circulating electrolyte through the ED module allows ions to move through
membranes towards the electrodes. Ions in an electrolyte will be excluded from the membrane that has the
same charged group. In essence, this is the exclusion mechanism in ED that allows for ion transport through
CEM and AEM [25]. Cations are transported through CEMs towards the cathode, but this transport is in-
terfered at the surface of the subsequent AEMs and the cations are retained in this compartment. Likewise,
the transport of anions towards the anode is similar. Thus, in one cell pair a concentrate and a diluate com-
partment is realized. The rate of desalination in an ED system is determined by the feed concentration and
composition, applied current density and the duration of the solution in a stack among other things. As ED is
driven by electric current, a major benefit regarding energy consumption is that electrical energy is directly
used. Possible energy losses in energy conversion are thus minimized, when comparing ED to mechanically
or thermally driven membrane technologies such as RO and VMD. Many studies validated the great potential
of extracting and concentrating salts and high quality water recovery from saline streams using ED [26-30].

About 77% of the current global desalination capacity (115 Mm3/d) uses RO technology, [31]. Practices of
RO mostly involves desalination of various water sources. Almost half of the current RO desalinated water
originates from seawater, while the second largest water source is brackish water and accounts for about a
third of the global RO desalination capacity. Besides drinking or industrial water production, RO is also used
for wastewater treatment in industries for reducing their water footprint [32]. VMD competes with RO in de-
salination when waste heat is available and the water source has elevated osmotic pressures, among other
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things. For example, VMD has been applied to desalinate hyper saline groundwater with salinities > 6.3%
and temperatures of > 45°C, because the high salinity and elevated temperature makes RO impractical for
this application [33]. In 2017, ED accounted for approximately 6% of the total brackish water desalination
capacity and is still a relevant membrane technique for this application [31, 34]. ED is also commonly used
in hybrid systems, in which ED is placed after RO or MD to reduce the brine volume and brine concentration
costs among other things [35].

Improved membrane separation technologies allow for better performance and reduced energy consump-
tion whilst minimizing the production of waste. Treatment of high saline and more complex waste streams
can be actualised and could provide solutions for proper treatment of brine from highly polluting industries.
The performance of a desalination plant is defined by numerous factors, such as the quality of feed, desalina-
tion techniques, recovery ratio, and production and disposal of waste products among other things. Further
treatment of the concentrated stream creates the possibility for salt and mineral recovery. Thus, apart from
recovering water, industry desalination has the potential to minimize waste production by converting high
saline waste streams into valuable resources and subsequently allows for business opportunities and can
make contribution towards a circular economy. In any case, a sustainable assessment of a brine treatment
plant is required to ensure its feasibility and to consider the most optimal solution on a case-by-case basis.

1.2. Research incentives and objective

Limited practical research on brine concentration comparison between desalination techniques with regards
to performance and energy requirements is the main motive in this research. The aim of this research is to
broaden the current knowledge on brine concentration with an assessment on different membrane tech-
niques in combination with concentrated NaCl stream recovery and analysis of energy consumption. The
membrane techniques that are considered for the comparison are RO, ED and VMD, due to their relevance
and potential in current industry water treatment practices. The considered concentration techniques have
different driving forces and thus performance parameter normalization by shared properties is required for
fair comparison. The footing of concentration processes is the achieved concentration factor, which is irre-
spective of driving force. Concentration processes involve three streams: the saline feed water, highly saline
concentrate stream and low-salinity dilute stream or product water. The concentration factor (CF) is defined
as the concentration of dissolved substances in the concentrate stream divided by that of the feed water. To
achieve the research goal, a main research objective was formulated.

Main research objective

Determine limiting factors of ED, RO and VMD for concentrating a wide range of NaCl solutions for
the recovery of concentrated streams and evaluate the energy performance by a comparative study.

1.3. Research questions and approach

The research objective was fulfilled by firstly addressing the performances of RO, ED and VMD separately.
Secondly, the concentration performance of the techniques were assessed as a whole and compared. Finally,
a preliminary evaluation for energy requirement of the considered techniques was performed. Data for ED
and VMD were experimentally collected, whilst design software was used to obtain RO data. Synthetic NaCl
solutions with concentrations 20, 40 and 80 g/L were used in experiments, to emulate different brine streams.

1. How do RO limiting factors affect concentrating brine and how does it relate to its energy consumption?
2. How do ED limiting factors affect concentrating brine and how does it relate to its energy consumption?

3. How do VMD limiting factors affect concentrating brine and how does it relate to its energy consump-
tion?

4. How do RO, VMD and ED compare in terms of concentration performance and energy consumption?



Background

This chapter provides theoretical basis for the experimental design and work, including governing equations.
Basic principles are described for each technique and the influence of operating conditions, materials and
other possible limitations on its performance are discussed. Finally, this information is used to select test
conditions for the experimental research.

2.1. Reverse Osmosis

RO is the dominating pressure-driven desalination technology, in which water molecules are pushed across
a semi-permeable salt-rejecting membrane by applied pressure. A schematic of the RO process is depicted in
Figure 2.1. Pore sizes ofless than 1 nm are characteristic to RO membranes, which means that most dissolved
salts and micro-contaminants are rejected. The product is a purified stream, whilst the rejected stream is
concentrated brine. Logically, osmotic water transport is expected from low (permeate) to high (reject com-
partment) solute concentration across the membrane. To counter this osmotic water transport, the applied
pressure must at all times be greater than the osmotic pressure difference between the concentrated brine
and the purified stream. In other words, the applied pressure increases the chemical potential of the water
molecules in the brine stream such that it drives the molecules across the membrane.
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Figure 2.1: (A) Schematic of RO process and (B) cross flow operation of a RO spiral wound module. Image by ? ]

A widely accepted approximation of the osmotic pressure of a solution is described by the Van 't Hoff
equation as follows,

RT -c;-z;
T=) —— (2.1)
Mw;
where:
R =universal gas constant
T = temperature
ci = concentration of dissolved ion i
z; = valence of dissolved ion i

MW; = molecular weight of dissolved ion i
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In this research it is thus assumed that the substances in the solution obey the ideal gas law and that
the osmotic pressure of a solution is proportional to its salt concentration. For a solution with multiple dis-
solved ions it is sufficient to consider most important ions, which are HCOg, 8042*, CI, Na*, Ca®* and Mgz*.
Usually the RO permeate osmotic pressure is neglected in the osmotic pressure difference calculation, as the
permeate concentration is very low compared to the feed concentration.

Tr+TT
A”:u
2

(2.2)
where A7 is the osmotic pressure difference over a membrane, 7 ¢ and 7. are the osmotic pressure of the

feed and concentrate, respectively. By introduction of the overall production of the system (i.e. recovery),

whilst considering that all salt is retained in the feed compartment, Equation 2.2 can be rewritten like so,

y=-2.100% 2.3)

(2.4)

where v is the recovery. The minimum applied pressure is thus proportional to the concentration of dis-
solved ions in the feed. The higher the feed concentration, the higher the required applied pressure. The
applied pressure on the membrane is finite, of which exceeding can cause (permanent) membrane dam-
age. This is a great limitation when using RO to concentrate brines. Other limitations are side-effects due to
changes in the solution’s properties during operation. The higher the salt concentration, the more susceptible
the membrane surface is to accumulation of retained salt. The increased concentration in the boundary layer
of the membrane induces concentration polarization (CP), see Figure 2.2. This results in rapid decline of flux
and gives rise to possible salt leakage and scaling. This effect could be minimized by enhancing turbulence
in the boundary layer, i.e. high cross-flow velocity.

feed side Sp.c D permeate side

Crb,
Cra

Figure 2.2: Concentration polarization in RO

2.1.1. Parameters influencing RO process
In terms of concentrating brine, the recovery of an RO module is directly related to the concentration factor.
1
CF=—— (2.5)
I-y

where CF is the concentration factor. As the goal is to increase concentration factor, finding a proper bal-
ance between maintaining high membrane performance and reduced the energy consumption is crucial. In
practice, recovery ratio of brackish water desalination using RO can reach up to 80% , whilst for seawater the
optimum recovery rate is in the range of 50% - 60% [? ]. The limitation on aforementioned values are based
on the salt concentration of the feed stream and the mechanical limitation of the membrane, as the highest
practical applied pressure on conventional seawater RO membranes is about 40 bar. Higher recoveries might
result in exceeding solubility limits of certain salts, thus higher membrane fouling rates that result in scal-
ing. Scaling fouls the membrane by blocking water passage through the membranes. Higher feed pressure
is then required to maintain satisfactory permeate flow and overall resulting in reduced energy efficiency. To
improve recovery, RO modules can be placed in series what is known as staging. The principle of staging is
to increase overall system recovery by feeding the concentrate to subsequent modules while the permeate
streams are collected. As such, the osmotic pressure increases at subsequent stages. It is common to use two
stages for desalination of highly concentrated brines, such as seawater. Prevention of permeate flux decrease



6 2. Background

can be achieved by several treatment additions, such as dosing of anti-scalants, chemical cleaning and in-
creasing cross-flow velocity. Concerning the last option, recirculation of the concentrate stream can reduce
energy consumption.

2.1.2. RO energy estimation

Consider a batch RO system in which water is recovered using applied pressure that closely approaches the
concentrated brine throughout the process. On the presumption that, as discussed in Section 2.1, (i) os-
motic pressure is proportional to its salt concentration and (ii) salt is fully retained in the feed compartment,
the aforementioned system can approach the minimum theoretical energy consumption of desalination (i.e,
thermodynamically reversible process). However, this way of operating an RO system with ever-changing ap-
plied pressure throughout the process is impractical when minimal variance in permeate flux is desired. Not
to mention neglecting the performance limitation caused by possible membrane scaling, salt precipitation
at high salinities and membrane operating limits.In practice, a constant applied pressure above the osmotic
pressure of the brine is used to operate RO. The derivation of practical minimum energy consumption for RO
desalination using single-stage and multi-stage is well presented in ? ]. The analyses make use of the same
presumptions as discussed in Section 2.1. In Figure 2.3, the blue area represents the minimum theoretical
energy for RO desalination for a thermodynamically reversible process. The yellow area bordered by the red
striped lines represents the excess pressure during the time that a constant pressure is applied to the system,
up until equilibrium pressure is achieved. Thus, total area bordered by the red striped lines represents the
practical minimum energy consumption. When considering multi-stage RO, the desired water recovery is
achieved incrementally by feeding the concentrate stream to subsequent modules. Each stage will operate
at increased constant applied pressure that equals the osmotic pressure of the brine and hence, the practical
minimum energy to achieve the same water recovery (i.e., concentration factor) is reduced. However with in-
creased stages, the capital costs of such system increases and thus a trade-off between energy consumption
and investment costs must be applied that suits the objective.
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Figure 2.3: Practical energy consumption analysis of single-stage and multi-stage RO, based on feed concentration 600 mM and 100%
salt rejection. Images by ? |

The above-discussed energy consumption presumes ideal pumps and energy recovery devices, whereas
in reality the efficiencies of such devices influences the overall energy consumption. Modeling software pro-
grams for simulating and design the operation of membrane filtration are available, that provides analyses
of the system such as the overall energy consumption taking the additional devices in consideration. Such
software programs are provided by membrane filtration suppliers and continuously evolve to meet newer
system design needs. The simulation results comply largely to practical results and are therefore widely used
in practice to design full systems.

2.2. Vacuum Membrane Distillation

MD is a thermally driven separation process combined with membrane technology. MD modules carry a
warm feed chamber and a permeate chamber that are separated by a hydrophobic micro-porous (< 1um)
membrane. Distillation works on the principle that volatile compounds, such as water vapour molecules,
transfer from the warm aqueous solution through the membrane as a result from partial pressure difference
(Ap) induced by the temperature gradient between the chambers. Depending on the methods to induce the
vapour pressure gradient and how the vapours are collected from the permeate side, MD modules are clas-
sified into four basic configurations (see Figure 2.4): direct contact membrane distillation (DCMD), air gap
membrane distillation (AGMD), sweeping gas membrane distillation (SGMD) and VMD. In all configurations,
the membrane is in contact with aqueous solution on the feed side. When considering a salt solution, a trans-
membrane water flux N [kg m~2h~!] exists as water is the only volatile compound in salt solutions. The flux
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can be expressed as
Amg

N=—71
Amem - At

(2.6)

where:

Amy = feed solution mass difference before and after the operational run time
At  =operational run time
Amem = membrane surface

The molar water flux can be calculated using the molar mass of H,O [18 g mol~']. The dissimilarity in
MD configuration is on the permeate side. For DCMD, condensation of vapor occurs in the cold permeate
stream. It is easy-to-operate, widely employed in industrial application and multiple module forms can be
used, such as flat sheet, spiral wound and hollow fibre. The major drawback of this configuration is the high
heat loss by conduction, as the hot feed is separated from the cold permeate by only a membrane. High
heat loss means low energy efficiency and depending on the purpose of the distillate, the permeate stream
might not be desirably if solely the distillate is preferred. The AGMD is similar to the DCMD, but still air and a
condensation plate are introduced. The permeate is collected as distillate on the condensation plate, whilst
the coolingis introduced by a coolant. Still air is a natural insulator, and therefore heat loss by conduction and
convection is reduced. The trade-off is the additional mass transfer resistance, as the effective temperature
difference (i.e., driving force) is reduced by such insulation layer and thus the fluxes of AGMD are typically
low. As opposed to DCMD, direct collection of distillate is possible, since the coolant is not in contact with
the permeate. AGMD is suitable for removing volatile compounds from aqueous solution. SGMD is similar to
the DCMD, but uses an inert sweeping gas that captures the vapour at the membrane surface of the permeate
side. The seized vapors in the gas is then led to an external condenser. Heat loss is reduced similar to the
AGMD configuration, but mass transfer of vapor is increased due to the sweeping gas. Condensation does not
take place inside the module and the condenser should be large, as only a small volume of permeate as vapor
diffuses in a large sweep gas volume. Overall, the SGMD might be an undesirable choice if a compact design is
preferred. This configuration is also suitable for removing volatile compounds from aqueous solutions. VMD
is very similar to SGMD. Instead of using an inert sweeping gas, the atmospheric pressure in the permeate
is continuously reduced to partial vacuum pressures to enhance the vapour pressure difference across the
membrane. Higher driving forces can be achieved even at relatively low operating temperatures and thus
higher fluxes are achieved compared to the aforementioned configurations. Though, risk of membrane pore
wetting is highest compared to the other configurations. VMD is suitable for concentrating and removing
volatile compounds from aqueous solutions. The configuration of interest in this research is VMD. For this
configuration, a vacuum pump is essential to extract the vapours from the MD module and lead them to an
external condenser.
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plate P "
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Membrane Membrane Membrane
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. Product

Du’eclt qonr_ac: Sweeping Gas Membrane Vacuum Membrane
Membrane Distillation (DCMD)  Air Gap Membrane Distillation (AGMD) Distillation (SGMD) Distillation (VMD)

Figure 2.4: Conventional MD configurations. Image by Kiss and Readi [1].

2.2.1. Heat and mass transfer in VMD

The heat and mass transfer through a membrane in VMD can be adequately visualized in Figure 2.5 [36]. A
thermal boundary layer (6 7,;) is formed during VMD operation, which presents a resistance to heat transfer.
Consider a salt solution at elevated temperature (T¢,p) on the feed side of the membrane. The temperature
of the bulk decreases as it reaches the liquid-vapour interface temperature (Tf,m), after which the rate of
heat loss increases due to vaporization and finally reaching the permeate membrane temperature (T}, ;).
This phenomenon is termed as temperature polarization (TP) and negatively influences the driving force in
MD, and thus mass transfer. Vaporization also causes a higher salt concentration (C,,) near the interface
compared to the bulk concentration (Cp,) and gives rise to concentration polarization. This phenomenon
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reduces the vapour pressure difference across the membrane, which also negatively affects the mass transfer.
However the occurrence of vacuum in the permeate side of VMD allows for higher partial pressure difference,
thus higher driving force compared to other MD configurations. Additionally, conductive heat losses in VMD
is minimized due to the vacuum gap and thus T}, can be approximated to T}, ,, [22, 37]. Hence, the heat flux
through the liquid boundary layer in VMD can be defined as

Gperm = NAHy g,0 2.7
where:

Gperm = overall heat flux through the membrane
AH, n,0 = temperature dependent latent heat of vaporization of water
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Figure 2.5: Heat and mass transfer through membrane in VMD.

The mass transfer in MD is induced by the partial pressure difference across the membrane AP, o [Pal.
In essence, the mass transfer across the membrane is complicated and includes coupled processes. A general
approach to overall modeling for predicting permeate fluxes at given operation conditions is the linear rela-
tionship between the permeate flux and the water vapour pressure difference across the membrane APy, 0. A
membrane distillation coefficient Cyysp is obtained from this relationship, which is subsequently a function
of the membrane properties (i.e., membrane geometric characteristics), temperature and vapour properties.
The membrane distillation coefficient can be appropriately expressed as,

N
APg,0

Cvmp = (2.8)

where:

N = permeate flux
AP, 0 = vapour pressure difference between feed and permeate

The vapour pressure on the feed side is dependent on the temperature and composition of the solution
and is assumed as vapour pressure in the bulk.

Lower temperature

Higher temperature

Minimum energy
needed for reaction, E,

Fraction of molecules

Kinetic energy
Figure 2.6: Molecular kinetic energy distribution by Boltzmann [2]

Consider a liquid, such as water or alcohol in an open container. Molecules carry a certain kinetic energy
even in liquid form. The kinetic energy of the molecules follow the Boltzmann energy distribution, see Figure
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2.6, which shows that there is always a small fraction of molecules that have high kinetic energy. If this fraction
of molecules in the liquid has sufficient kinetic energy to exceed the intermolecular forces in the liquid phase,
they enter the gas phase even at temperatures below the liquid’s regular boiling point. While this fraction of
molecules escape into the gas phase the average temperature of the liquid falls, but heat from the surrounding
can be absorbed by the liquid to maintain its average molecular speed (i.e., enthalpy of vaporization). This
means that all liquid can vaporize when given enough time and that there is always vapour above the liquid’s
surface, which is carried away in the open air considering the open container. Now consider a liquid in a
closed container and like any gas, the vapour above the liquid will exert a pressure. In this situation the
vapours are trapped and the liquid will not fully vaporize as some vapours condense back into liquid form.
The amount of liquid in the container will remain constant if the rate of condensation equals to the rate of
vaporization and so a certain partial pressure is attained above the liquids’ surface inside the closed container.
This pressure is known as the vapour pressure of the liquid and imparts dynamic equilibrium in a system.
Mathematical expressions like Antoine equation, see Equation 2.9, exists to calculate the temperature related
vapour pressure for pure substance using component specific coefficients.

log, g P=A-

C+T 2.9)
Water is a pure substance, because it only contains one type of molecule and therefore the Antoine equation
applies to this substance. The Antoine equation coefficients A, B and C for water are 5.11, 1687 and 230.17,
respectively. When a non-volatile compound like NaCl is added to a solvent, the mixture becomes a solu-
tion and the behaviour of the solvent changes. The surface of the solution is covered with solvent and solute
molecules, thus the fraction of surface area that is covered by the solvent is reduced and therefore also the
chance of these molecules escaping into the gas phase. This explains that with increasing solute concentra-
tion in the solution, the vapour pressure becomes lower. Mathematically, the vapour pressure lowering of a
liquid-solid solution is described as Raoult’s Law and is applicable for only ideal solutions. This means that
in a solution, a solvent molecule uses the same amount of energy to break away from the surface as it were in
a pure solvent. This is unlikely as it disregards the solvent-solute attraction, which could be stronger than the
solvent-solvent attraction and therefore an increased energy is required for a solvent molecules to break free
in a real solution. However for uncomplicated solutions such as NaCl solution, it is acceptable to use Raoult’s
law to estimate the vapour pressure of the liquid-solute mixture, see Equation 2.10.

= (2.10)

where:

p° = vapour pressure of pure solvent

p =vapour pressure of solution
n; = moles of solvent
no = moles of solute

In VMD the pressure of the permeate side is vacuum pump dependent. Overall, it can be concluded that
the performance of MD relies heavily on the intricate relationship between the simultaneous thermal and
mass transfers.

2.2.2. Parameters influencing VMD process

The following sections provides information on the influence of membrane characteristics and operating pa-
rameters on VMD performance, to select proper membrane and operating conditions to achieve high driving
force.

Keeping the pores free of liquid is essential in MD process, for which liquid entry pressure (LEP) is an
important characteristic to consider. LEP signifies the minimum pressure required for the liquid to penetrate
membrane pores and thus should not be exceeded. A method to investigate a membrane LEP is described by
Franken et al. [38]

—2By;cosf
LEP= ——— 2.11)
'max
where:
B =pore geometry coefficient
Y: = surface tension of the liquid
6  =contact angle of a droplet on a surface

'max = Membrane maximum pore size
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We can derive from Equation 2.11 that a small maximum pore size is preferred to achieve high LEP. Water
or solutions that contain inorganic compounds in water show high y;, whereas surface active agents (i.e. or-
ganic compounds) dissolved in water decreases the liquids y;. Hydrophobicity of a membrane increases the
LEP as the contact angle of a droplet on such surfaces is larger than 90°. This holds true for commonly fabri-
cated polymer MD membranes such as PTFE, PVDF and PP (39, 40]. Regarding LEP, the smaller the maximum
pore size the higher the LEP. However, permeate flux increases with bigger pore size. Thus, a good consider-
ation could be choosing a membrane with a small enough maximum pore size to avoid wetting. In general
membrane processes, the permeability is affected by the membrane thickness. With thicker membranes the
mass transfer resistance increases, whereas the the conductive heat loss decreases [41]. As heat loss through
conduction in VMD is poor due to the vacuum volume in the permeate side, a thin membrane is preferred.
Enhanced permeability can also be achieved with high porosity, as this increases the effective surface area for
evaporation. Usually, high porosity goes hand in hand with large pore size, which decreases the LEP. There-
fore an additional compromise must be settled between pore size and porosity to limit the risk of membrane
wetting [1, 40].

2.2.3. Factors affecting VMDD concentration performance

Theoretically, MD allows for fully rejection non-volatile compounds as volatile compounds evaporate at
the warm interface of the membrane. In turn, only vapours pass through the membrane. For feed solu-
tions with high surface tension, such as water and solutions of inorganic compounds in water, non-wetting
is most probably [38]. Furthermore, the degree of vapour pressure of a liquid depends on intermolecular
forces present in the solution amongst others. Weaker intermolecular forces (i.e., volatile compounds) allow
molecules to escape with less effort, thus the vaporization rate will be high and a higher partial pressure can
be reached before an equal rate of condensation is attained. Consequently, the vapour pressure is high and a
higher driving force can be achieved. Alternatively, if the liquid contains molecules with strong intermolec-
ular forces (i.e., non-volatile compounds), the vapor pressure is low. As the concentration of non-volatile
compounds in the solution increases, the vapour pressure of the solvent decreases.

Besides the feed composition, temperature greatly controls the magnitude of the solution’s vapour pres-
sure. If the temperature increases, the average molecular kinetic energy increases and consequently the frac-
tion of liquid molecules that overcome the intermolecular forces to escape as vapours. This fraction increases
exponentially with temperature. Gas molecules will travel with higher speed and result in more frequent and
heavier collision, thus overall creating a higher partial pressure.

Higher effective velocities are achieved due to the presence of spacers in membrane modules, as they re-
duce the void volume compared to flat channel configurations. Increased effective velocities induces higher
feed flow mixing, which minimizes TP and CP among other things. The temperature and concentration at
the membrane surfaces approaches those in the bulk and in turn, mass transfer through the membrane is
improved. This general effect in MD configurations was observed by El-Bourawi et al. [36]. Reynolds num-
bers are used to describe boundaries of fluid flow regimes in channels ranging from laminar, unsteady to
turbulent conditions and is determined by the combined effect of fluid properties, flow velocity and the hy-
draulic diameter of the channel. The hydraulic conditions in flat spacer-filled channels can be described in
the same sense as for channel flow, by appropriating the hydraulic diameter to a flat spacer-filled channel
using derivations by Schock and Miquel [42] and Da Costa et al. [5]. These derivations are based on net-like
spacer structures in any combination of the geometric characteristics voidage, mesh size, angle, thickness
and filament diameter. As such, the Reynolds number of spacer filled channels is defined as the combined
effect of the fluid properties, interstitial (seepage) velocity and spacer geometry. Several studies were con-
ducted to investigate the influence of spacer geometry on the fluid flow in channels [5, 42, 43]. Mojab et al.
investigated the fluid flow behaviour in typical spacer filled channels for different flow velocities and found
that fully unstable flow was achieved with Re > 350 and that Re = 1000 gives rise to the turbulent flow regime.

The vacuum pressure in the permeate side of the MD module benefits the separation process in multi-
ple ways. Firstly, the permeate pressure is reduced greatly below the equilibrium vapour pressure and hence
permits higher permeate flux compared to other MD configurations [39]. Secondly, heat conduction through
the membrane in a VMD system can be assumed negligible due to the absence of thermal conductivity by
vacuum [36, 44]. The thermal efficiency by VMD is thus higher compared to other MD configurations, which
could translate in better overall energy efficiency. However, it can be expected that with increasing vacuum
pressure (i.e. lowering downstream pressure) the hydrostatic pressure across the membrane increases and
reaching towards LEP. This is a major disadvantage of VMD, as this effect poses a risk to pore wetting. Fur-
thermore, lowering the vapour pressure in the permeate side also lowers the boiling point of water vapour.
Therefore a cooling and condensation component is required to ensure condensation of water vapour.
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2.2.4.VMD energy estimation
For VMD the following components are considered for the energy calculations: pump for feed circulation,
vacuum pump and thermal energy for heating. The following section breaks down the main energy compo-
nents of VMD and summarizes its principal theories to create a basis for the experimental study to quantify
energy demand. Subsequent energy calculations can be normalized by unit volume of produced concentrate
to have fair comparison between techniques. A continuous batch process was considered for all concentra-
tion experiments.

In general, two types of energy can be considered: electrical energy E,; and thermal energy Ej,. Pumps
are considered components of E,; type and components that involves heating or cooling contribute to Ej,.
The overall energy requirement for VMD can thus be defined as the summation of the aforementioned,

Evmp = Evmp,el + Evmp,n (2.12)
Evmb,el = Ep,f + Ep,vac (2.13)
Evmp,n = Enini + En,cool + En,cond (2.14)

Electrical energy requirement
Recirculation of feed stream through the membrane module is induced by a feed pump of which the electrical
energy [kWh] can be calculated by,

_ APmodulle At

€p.f

Epy (2.15)

where:

AP04ule = pressure drop across the membrane module

Qf = volumetric flow rate of the feed
Ep.f = feed pump efficiency
At = experimental duration

At the permeate side of the module a vacuum pump operates at a pressure lower than atmospheric pres-
sure to continuously evacuate gas molecules from the permeate volume. A study by Huttunen et al. [45]
provides calculations to estimate the required energy to maintain partial vacuum in the permeate side
Pvacout At

Pvac €p,vac

Epvac= Guac,inPvacln (2.16)

where:

Gvac,in = volume flow rate in the vacuum volume

Pvac = operating vacuum pressure measured at the inlet of the vacuum pump
Puac,our = pressure at the outlet of the vacuum pump
€p,f = vacuum pump efficiency

It can be assumed that the gas mixture is discharged at atmospheric pressure, thus pyuc,our = Parm- The
volume in the permeate side is a mixture of gas molecules, consisting of air (non-condensable) and water
vapour (condensable), that is displaced with a temperature and pressure dependent volumetric flow rate. An
important assumption for the estimation of the vacuum volume flow rate is that the non-condensable gas is
saturated with the condensable vapour. The air-water vapour mixture is thus assumed to be an ideal gas and
the volumetric flow rate can be calculated using the ideal gas equation [46],

(nec)RTyac,in

qvac,in= ————————— (2.17)
Pvac
where:
n = molar flux of water across the membrane
€c = condensation efficiency of the cooling bath

Tyac,in = temperature in vacuum pump inlet

Using Equation 2.17, qy4,in can be calculated for Equation 2.16. The prior sequence is assumed without
a cooler in between the permeate volume and vacuum pump. However, a cooling bath is required to collect
the water vapour. The ¢, of the cooling bath is expected to be lower than one, thus the gas mixture discharged
at the outlet of the vacuum pump includes part of the non-condensed water vapour. Hence, qy4c,i, is being
accounted for the loss of a small part of 72 by the condensation efficiency.
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Thermal energy requirement
Feed side
Energy for heating can be classified into initial heating Qy,;,,; [J] of the feed and additional heating to make
up for the heat loss in the MD module by e.g., recirculation. This additional heating is assumed negligible in
the considered test set-up due to its scale. In practice if the feed stream is already at elevated temperature
and a continuous mode of configuration is considered, these expressions are negligible. Assuming that waste
heat is not present in the system, the energy required to heat up the feed to a desired inlet temperature can
be calculated using the following equation,

Tfp

QMMi:nH‘T CpdT (2.18)
0

where:

my =feed mass

Cp =temperature dependent specific heat capacity of water at a constant (atmospheric) pressure
T¢,p = desired inlet feed temperature

Ty =initial temperature of the feed

The initial heating of the feed is once-only at the start of operation, if the feed’s original temperature is
not equal to the desired operating temperature.

Permeate side

In the module at the feed side, heat is extracted from the bulk for evaporation by a heat flux across the mem-
brane. After the water vapour passes through the membrane, the water vapour in the steam can be collected
by condensation. The heat required for vaporization is equal to that for condensation, but has the opposite
sign. Since the permeate side is in vacuum condition at 1500Pa, the boiling point of water vapour is decreased
to approximately 13°C (see Appendix B.3 for the steam table). The temperature of the water vapour at the per-
meate membrane surface T}, is approximated to T',,, meaning that the steam is at a temperature higher than
its boiling point. Therefore, cooling is required for removing sensible heat to lower the temperature of the
steam below the corresponding boiling point temperature at vacuum condition, Qp,coo1 [J].

Tp,cond
Qhn,cool = mpf CpvacdT (2.19)
Tl’
where:
mp = permeate mass
Cp,vac = specific heat capacity of water at a constant vacuum pressure
Ty = permeate inlet temperature

Tp,cona = boiling point temperature for given conditions

Finally, thermal heat needs to be removed to condensate the water vapour using the specific enthalpy of
steam A at vacuum condition.

Qn,cond = mpA (2.20)

COP and heat recovery

Thermal energy in form of heat or cooling is induced by a heat pump that is driven by power. The efficiency of
such heat pumps is expressed as Coefficient of performance (COP) and has different definitions for a chiller
or heater. In principle, the COP is the ratio of useful heat or cooling production, Q, with given energy input,

W.
cop='4 (2.21)
w
A study by Hepbasli et al. [47] presents a review of wastewater source heat pump systems in terms of
application and performance assessments and refers to COP value ranges of 1.77 - 10.63 for heating and 2.23
- 5.35 for cooling. The large spread is due to numerous factors that affect the efficiency of a heat pump, such as
heat pump type, climate and auxiliary equipment among other things. The aforementioned thermal energy
components are based on thermodynamic laws and therefore energetically assessed. The thermal efficiencies
of such components could not be precisely quantified and therefore exergetic assessment of the VMD system
could not be performed accurately. When conceptualizing a VMD system, COP can thus be considered for
the thermal components. Furthermore, recycling of waste heat can also be considered to improve the overall
energy efficiency of the VMD system.
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2.3. Electrodialysis

The principle of ED is illustrated in Figure 2.7 of which the key elements lie in the membrane stack. The ED
membrane sequence consists of alternating cation and anion exchange membranes, CEM and AEM respec-
tively. The CEM contains negatively charged groups in the polymer matrix and the AEM contains positively
charged groups. Spacers are placed in between the CEM and AEM to form a cell pair. In turn, multiple cell
pairs create a stack that is situated in between electrodes. Provided that electrical potential is created in be-
tween the electrodes, circulating electrolyte through the ED module allows ions to move through membranes
towards the electrodes. Ions in an electrolyte will be excluded from the membrane that has the same charged
group. In essence, this is the exclusion mechanism in ED that allows for ion transport through CEM and AEM
[25]. Cations are transported through CEMs towards the cathode, but this transport is interfered at the surface
of the subsequent AEMs and the cations are retained in this compartment. Likewise, the transport of anions
towards the anode is similar. The result is an increase in ion concentration in alternate chambers, whereas
the other chambers become depleted. The concentrated solution can be referred to as concentrate or brine
and the depleted solution is referred to as the diluate.

Anion selective
membrane
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Figure 2.7: Schematic diagram of the working principle of electrodialysis by Miller [3]

Concentrated Brine

2.3.1. Mass transfer in ED
A key part that contributes to the efficiency of ED process is mass transport through the IEX membranes,
which is transport of ions as result of an electro-chemical potential gradient.

Annact- MW,
Myac) = —act Nacl 1009 (2.22)

Vid - Pw

where:

Anpygc; =amount of NaCl transported in mol
MWy 4c1 = molecular weight of NaCl

Via = initial diluate volume

Pw = density of water

The salt transport My,¢; is expressed relative to the initial diluate mass. Besides ion transport, solvent
transport through membranes also occur as a result of chemical potential differences of solvents in adjacent
compartments. Previous studies show that water transport in ED limits the concentration purpose as it di-
lutes the concentrate compartment [48-50]. It is therefore also important to assess the water transport from
the diluate to the concentrate compartment. By attraction of cations towards the cathode and anions towards
the anode, a concentration gradient between the AEM and CEM compartments is created. This concentra-
tion gradient gives rise to osmotic water transport. Furthermore, there exists strong interactions between
dissolved ions and water molecules called ion-dipole force. Due to this force, water molecules cluster with
their negative side around positive ions (Na*). Similarly, negative ions (CI~) attract the positive side of wa-
ter molecules. The water molecules around the ions are arranged in concentric shells with decreasing ion to
water molecule bond strength further away from the ion [51]. Thus, it can be assumed that at least the water
molecules in the first hydration shell migrates with the ion. This phenomenon is called hydration and gives
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rise to electro-osmotic water transport. Since electro-osmotic water transport is directly linked to salt trans-

fer, by knowing the hydration numbers of migrating species enables prediction of this type of water transport.

Following the law of electroneutrality, it is assumed that for each transported mole Na*, one mole of Cl~ is

transported too.

nnas - (TN + TSY . MW,
Vid pw

-100% (2.23)

ew,e—o =
where:

nyg+ =amount of Nat transported in mol
Tfl\,’ a - hydration number for Na™ (3.5)

Tgl b hydration number for CI™ (2)
MW, = molecular weight of water

The electro-osmotic water transport 6,, ., can be predicted using Equation 2.23 and similarly to the salt
transport, it is expressed as mass transport relative to the initial diluate mass. The total mass transport M;;, is
the sum of My,ci1, 0w,e—0 and the osmotic water transport, 6,,,. The latter can be determined by subtraction
of the former two from the total mass transport.

Mot = Mnaci + ew,e—o +0w,0 (2.24)

Water transport through the CEEM, to the electrode compartment, is neglected. These membranes form
obstructions for water transport as they are relatively thicker compared to inner membranes. The end mem-
branes are more chemically and mechanically resistant compared to inner membranes, as they should be
stable against oxidative attack and make sure that the transmembrane pressure in the inner membrane stack
is close to zero.

2.3.2. Parameters influencing ED performance
The following sections provides information on the influence of module and membrane characteristics and
operating parameters on ED performance, to select proper membrane and operating conditions.

The driving force of ED is the electrical potential U created between the electrodes. The electrical current
I (i.e. flux of electrical charges) is directly proportional to U as described by Ohm’s law,

U=1I-R (2.25)

where Ris the electrical resistance. Considering a general electro-chemical cell, Ris dependent on various
characteristics, such as the distance between the electrodes, the material’s specific resistance and the size of
the effective electrode surface area. When considering ED systems, additional components add to the overall
resistance Ry,; of the system, such as the IEX membranes, spacers and resistance of the different streams:
diluate, concentrate and electrode rinse solution (ERS). From this we can conclude that certain components
indicate fixed attributes of R;,;, whereas during ED operation side-effects may occur that increases the R
contribution of electro-chemical changes in streams within the stack [52]. Since applied current is propor-
tional to the electrode surface, current density is used in practice as this fundamental quantity is independent
of electrode surface.

With operating time at a certain current density, ion depletion in the diluate compartments causes the
membrane surface concentration to reach zero. In other words, the rate of supply of ions from the bulk
towards the membrane surface is similar to that of the diffusion rate through the membranes and concen-
tration polarization occurs. The current density at which this phenomenon appears is called the limiting
current density (LCD). If the LCD is exceeded, the linear relationship of U-I according to Ohm’s law no longer
applies, see Figure 2.8. The electrical resistance in the diluate increases and possible water dissociation can
occur. This leads to pH changes in the solutions and overall negatively affects current utilization, thus LCD is
a critical design parameter as it determines the direct efficiency of ED process. Previous studies have demon-
strated that LCD is mostly dependent on the ion concentration and flow velocity of the diluate compartment.
The higher the flow and concentration of the diluate compartment, the higher the LCD [53, 54]. Cowan and
Brown (1959) propose a practical method to determine the LCD for salt solutions [55].

Another important ED performance indicator is current utilization, which can be defined as how effective
ions are transported across the IEX membranes for a certain applied current. While ion migration occurs
from the diluate to the concentrate compartment, diffusion is also present in the ED process. Diffusion is a
process of ion transport in the opposite direction in which ED attempts to achieve. If diffusion occurs the
ED system requires extra current to move back the ions towards the desired direction, which means that
diffusion reduces the overall current efficiency of the ED process. In basic electro-chemical terms, current
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Figure 2.8: Effect of current density on voltage drop, differentiating three regions: (I) Ohmic region, (II) LCD region and (III)
over-limiting region. Image by Krol et al. [4].

is rate and charge is amount. Similar to Equation 2.23, in which electroneutrality is taken into account, the
current efficiency of Na* can be calculated using the amount of transported Na* from the diluate as electrical
charge and the total electrical energy required for this transport [50].

z-F-n Natd

= 2.26
NNa* Nep-1-At ( )

where:

F =Faraday’s constant
N¢p = number of cell pairs

To elaborate further on the exclusion mechanism of IEX membranes mentioned in Section 2.3, ions that
move through the membranes are referred to as counter ions and ions that carry similar electrical charge as
the membrane are co-ions. To what amount the co-ions are rejected by an IEX membrane depends on the
membrane and solution properties. In essence, the properties of an IEX membrane is determined by two
specifications: the basic material of which the backbone is made of, usually polymers, and the moieties used
as fixed charges in membranes. The former determines the mechanical, chemical and thermal stability of
the membrane, while the latter determines its perm-selectivity and electrical resistance [56]. Monovalent
ion-perm selective membranes exists to allow permeation of monovalent ions, while preventing passage of
multivalent ions. These membranes are beneficial for removal of specific ions from waste streams, such as
selective salt removal from saline streams.

It is widely accepted that when the current density exceeds LCD, the ED process exhibits higher electrical
resistance and thus lower current utilization. This critical side-effect during ED operation needs to be taken
into account for design and optimization. Furthermore, the selection of ion-exchange membranes should be
based on high perm-selectivity, low electrical resistance and good mechanical and chemical stability.

2.3.3. Factors affecting ED concentration performance

Feed concentration affects the degree of desalination to an extent. As mentioned previously, current density
should not exceed LCD due to ion depletion in the diluate solution-membrane interface. The more ions are
present in the solution, the more electricity the solution can conduct. High conductivity also means more
current flow is produced, thus higher current densities can be applied. In other words, a low diluate con-
centration specification means low operating current density. Such specification and high initial brine con-
centration usually means longer treatment duration. The reverse is also true, a high diluate concentration
specification using high applied current means faster treatment duration. In some cases it can be energeti-
cally favourable to design an ED systems using decreasing applied current density after each pass, whether
in continuous flow or batch operation [50].

Similar to VMD, the interstitial flow velocity can be calculated for ED spacers. The calculation for achiev-
ing fully unstable flow conditions using ED spacers compared to VMD, show higher required interstitial flow
velocities. This is due to the difference in spacer geometry. The ED spacer has an effective cross flow area
that is almost three times less compared to that of the VMD spacer. Furthermore, the hydraulic diameter of
the ED spacer is about eight times smaller compared to the VMD spacer. This means that the mesh of the
ED spacer is finer compared to that of the VMD, and thus significantly higher interstitial flow velocities are
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required in ED spacers to achieve the same flow conditions as in the VMD spacer. Instead of deciding the
operational solution velocity based on flow regime, it is more reasonable to relate the velocity in the ED stack
to LCD whilst considering a final diluate concentration. Besides high solution concentration, as mentioned
before, the LCD also increases greatly with increasing cross flow velocity as commonly reported in literature
[50, 53-55]. No optimal cross flow velocity has been reported in literature, which indicates that tuning of oper-
ational conditions for an ED cell determines the desired objective and can be optimized for most economical
operation.

The degree of desalination achieved is mainly determined by feed and target diluate concentration, ap-
plied current density and cross flow velocity. Low current density increases capital costs, but decreases over-
all energy (operational) costs. High current density influences the costs in opposite direction, thus ED design
usually involves a trade-off between operational conditions and material requirements for the determination
of optimal current density.

2.3.4. ED energy estimation
The minimum electrical energy required to operate ED derived from the electric power equation,

E=P-At (2.27)

pP=U-1 (2.28)

where P is the electrical power provided by a power supply. By substitution of Equation 2.25 and 2.28 in
Equation 2.27 the following expression is obtained.

E=I*-R-At (2.29)

Thus, the minimum required electrical energy for ED can be directly linked to the applied current and
resistance of the system. In practice, the following expression for the consumed electrical energy for ED
process is assumed.

i
Egp,ps =Y (Ui~ I;- A1) (2.30)
i=0
where:

U; = electric potential difference at data point i
I; =applied current at data point i

The product of the aforementioned is the consumed power at each data point, P; [W]. The electrical en-
ergy can be obtained by multiplication of P; with the time interval At [s]. The total electrical energy supplied
can be calculated by its summation. Finally, the electrical energy for the feed recirculation pump is based on
Equation 2.15. The total energy required for ED can be expressed as,

Epp = Egp,ps+ Ep f (2.31)



Experimental apparatus and methods

The following sections describe the selected experimental conditions, methods and apparatus that were used
to conduct experiments and simulations. Furthermore, explanation is given about experimental and simu-
lation data processing. The RO simulations were performed using WAVE software that was made available
at Lenntech. All experiments were carried out in the Lenntech laboratory in Delfgauw, the Netherlands. Ex-
periments using ED and VMD with test conditions presented in the following sections were performed at
laboratory scale to assess NaCl solution concentration performance and its corresponding energy consump-
tion.

3.1. Selection of simulation and experimental test conditions

The following section discusses experimental conditions from literature findings to substantiate the selection
of experimental test conditions for the considered research. The main objective of this thesis was to deter-
mine limiting factors of RO, VMD and ED for concentrating a wide range of NaCl solutions. Therefore, NaCl
feed concentrations 20, 40 and 80 g/L were used as starting points for the simulations and experiments. All
laboratory experiments were conducted in batch mode.

RO

The following factors affecting the RO concentration performance were examined using the WAVE software
[57]: applied pressure, recovery ratio and permeate flux. Moreover, the design parameters were explored to
minimize energy consumption while maximizing salt rejection. The selected membrane for these simula-
tions was XLE-4040, a conventional seawater RO membrane that can handle the highest applied pressure
(120 bar) from the software library. To make a fair comparison for small-scale systems and considering that
testing different concentrations emulates a multi-stage RO system, a one-stage RO system is assumed in this
study. The design will be limited to one pressure vessel per stage and the number of elements per pressure
vessel is set to six, which is a standard number. The goal is to achieve highest concentration factor, while
considering RO system limitations for concentrating brine (i.e., prioritize concentrate quality over permeate
quality). The effect of applying different net driving pressures will be investigated for different starting con-
centrations. The simulations will be performed using concentrations of 20, 40 and 70 g/L, as the software
does not allow feed concentrations higher than 70 g/L.

VMD

Theoretically, distillation of a NaCl solution can be performed until its solubility is reached. For a temperature
range of 0 to 100 °C, this salt has an average solubility of 38 g per 100 g of water. However, fouling of the
membrane by precipitation of the salt must be avoided as this was not the objective of the research. The
purpose of this research is to investigate different operational parameters on the produced water flux by MD,
which is directly linked to the CE To this end, the MD experiments at different test conditions were performed
until a CF of 1.1 was reached.

» Feed concentration: As mentioned in Section 2.2.3, the vapour pressure in the feed decreases with
increasing solute concentration. The effect of feed concentrations 20, 40 and 80 g/L on the permeate
water flux was investigated. In order to do so, PHREECQ simulations were made to investigate the effect
of NaCl concentration on the vapour pressure of the solution.

¢ Operating temperature: High vapour pressures can be achieved by increasing the temperature of the
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solution. The effect of operating temperatures 30, 40 and 50 °C on the permeate water flux was investi-
gated.

* Unsteady flow condition: For the considered experimental set-up and operating conditions, the oper-
ational settings were selected based on the required interstitial velocity to achieve fully unsteady flow
(Re = 350). These calculations are presented in B.2.

ED

Equal feed concentration and volume was fed to the diluate and concentrate chambers of the ED module. In
this study, the operating principle for the ED experiments to operate ED until 50% of the salt from the diluate
was removed.

* LCD and operational CD: The effect of 90%, 75% and 50% partial LCD on current efficiency, concen-
tration factor and possible side-effects were investigated and quantified.

* Feed and final diluate concentrations: The effect of feed concentrations 20, 40 and 80 g/L and 50%
salt removal from the diluate stream on the concentration factor and possible side-effects were inves-
tigated.

* Diluate to concentrate volume ratio: When considering a fixed 50% salt removal from the diluate
stream, higher concentration factors could be achieved if the salt is transported to a smaller volume.
The effect of volume ratio’s 1, 2 and 4 on the concentration factor and possible side-effects were inves-
tigated.

3.2. Measuring method and equipment

A continuous batch mode was considered for the operation of ED and VMD experiments, meaning that the
solution was recirculated back to the feed bottle(s) after passing the ED or VMD module using a Watson Mar-
low 530S peristaltic pump. Different NaCl solutions were prepared by dissolving the desired amount of salt in
demineralized water. Electrical conductivity was used as an indicator for concentration of NaCl in solution,
as NaCl solution is a strong electrolyte. A calibration curve was realized to put in place the relationship be-
tween the NaCl concentration of the solution and its EC. During the experiments, the EC of the target solution
was continuously measured. Subsequently, the corresponding NaCl concentration was determined using the
relationship between NaCl concentration and the EC. The following measuring methods were identical for
each experiment.

— EC and temperature: During the ED and VMD experiments, the EC and temperature of the NaCl solu-
tion in the feed bottle were continuously monitored for each experiment using a WIW TetraCon con-
ductivity probe along with a WTW Multi-parameter portable meter IDS3630.

— Changes in feed solution mass: The change in feed mass was measured using a digital precision balance
KERN PCB 10000-1. For ED experiments, the diluate and concentrate masses were manually measured
before and after each experiments. For VMD experiments, the feed solution mass was measured con-
tinuously and digitally logged via an interface cable RS-232 that connects the balance to a laptop.

— Concentration factor: The achieved CF value for each experiment was determined by the NaCl concen-
tration of the initial stream and that of the final product stream.

3.3. Vacuum Membrane Distillation

The laboratory set up and a schematic flow diagram of the VMD experiments are shown in Appendix B.5 and
Figure 3.1, respectively. The specific apparatus used for VMD experiments consisted of the following:

— KERN PCB 10000-1 precision balance

IKA RH digital magnetic stirrer with heating

— IKA ETS-D5 electric contact thermometer

— 500mL laboratory bottle DURAN®

— Digital pressure sensors FESTO SPAN in ranges 0...2 bar and 0...-1 bar

— Sterlitech CF042 Clear Cast Acrylic forward osmosis (FO) membrane cell

— Sterlitech flat-sheet laminated (PP neting) PTFE membrane with pore size 0.1um and active membrane
area of 33.5cm?

— Sterlitech CF042 Low Foulant Diamond spacers 47mil (feed) and 31mil (permeate)
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Figure 3.1: Vacuum MD configuration at laboratory scale, Lenntech (Delfgauw). (1) Feed and concentrate bottle, (2) heating and stirring
block, (3) digital precision balance, (4) MD module, (5) gas washing bottle, (6) cooling bath, (7) EC probe, (8) multimeter and (9)
external logging device.

— Gas washing bottles Drechsel head form DURAN®

— Diaphragm vacuum pump N816.3 KT.18 (ultimate vacuum 15 mbar abs.), control valve and vacuum
gauge LABOPORT®

— Cooling baths (ice packs in plastic boxes)

3.3.1. Set-up procedure and data collection

Prior to the experiments, simulations using PHREEQC were performed for different concentrations of NaCl
in aqueous solution to estimate the vapour pressure in the feed side. In order to verify whether the PHREEQC
simulation produces reliable outputs, its pure water simulation output was compared to Antoine’s mathe-
matical expression of the temperature dependent vapour pressure for pure substances using Equation 2.9.
Concentrations of 0, 5, 20, 40, 80 and 160 g/L and temperatures between 0 and 80 °C were used for the sim-
ulations. During the experiments the bottled solution was heated to, and continuously kept at the desired
temperature using the thermostat and heating plate. Subsequently, the heating plate was placed onto the
digital balance, which was connected to an external device (laptop). The mass data was transferred and
logged continuously. The mass change over time of the feed solution was continuously recorded, while the
initial and final feed solution masses were manually weighted. The solution was recirculated from the feed
bottle to the feed side of the MD module and back to the feed bottle by a peristaltic pump. The EC in the feed
bottle was continuously logged. The feed and permeate sides of the MD module were separated by a flat-
sheet laminated membrane, in between two spacers. The 47mil spacer promoted turbulent flow in the feed
side, while the permeate spacer prevented the membrane to be stuck unto the permeate outlet by vacuum.
Partial vacuum of 1500 Pa in the permeate side of the system was realized by the vacuum pump. The per-
meate outlet was connected to three gas washing bottles in series, which were placed in cooling baths. The
gas washing bottles served as vapour traps, minimizing vapour condensation (and thus contamination) in
the vacuum pump such that the pump could achieve its ultimate specified pressure level rapidly. The cooling
bath ensured cold air in the gas washing bottles, stimulating water vapour condensation. The masses of the
gas washing bottles were manually weighted before and after each experiment. Digital pressure sensors were
placed before the feed inlet and after the permeate outlet of the MD module.

3.3.2. Data processing

The determination of mass transfer through the membrane was assessed by the different feed and permeate
weight measuring procedures. The presumption is that the manually weighted masses of the feed solution
is most accurate compared to the permeate side, as the cold bath trap did not fully condense the vapour. A
permeability test using demineralized water as feed solution was performed before and after the experiments
for blank-comparison.

1. The water flux through the MD membrane was calculated using Equation 2.6. The feed bottle was
measure before and after the experiments. The mass change rate was obtained using the continuous
logging data from the precision balance.

2. The mass transfer coefficient was calculated using Equation 2.8 and the vapour pressure difference
across the membrane. The vacuum pump operated at partial vacuum pressure of 1500Pa, whilst the
vapour pressure of the feed solution were obtained from the PHREEQC simulations.

3. The heat flux through the liquid boundary layer was calculated using Equation 2.7 and the temperature
dependent latent heat of vaporization of water.
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3.4.

The volume flow rate of saturated air that is displaced by the vacuum pump was calculated using Equa-
tion 2.17. The molar flux of water across the membrane was calculated using the water flux, Equation
2.6.

The temperature of the feed solution was room temperature (20°C) and requires once-only heat to
achieve the desired initial temperature of the feed solution. This amount of heat was calculated using
Equation 2.18.

Cooling at the permeate side of the membrane is required to lower the steam temperature to below
boiling point temperature at vacuum conditions. This heat was calculated using Equation 2.19. Addi-
tionally, after lowering the temperature of the steam, heat is required to condensate the water vapour.
This heat was calculated using Equation 2.20. A steam table was used to select the proper parameters
at vacuum conditions, see Appendix B.6.

Thermal energy in form of cooling or heating is induced by a heat pump, which has an efficiency ex-
pressed as COP. Common values for chillers and heater was found in literature. The useful heat or
cooling production were calculated using values of 6 and 4, respectively, and Equation 2.21.
Recirculation of the feed stream is induced by a feed pump of which the electrical energy was calculated
using Equation 2.15.

The vacuum pump operated at a pressure lower than atmospheric pressure to continuously evacuate
gas molecules from the permeate volume for maintaining partial vacuum pressure. The electrical en-
ergy required to operate the vacuum pump was calculated using Equation 2.16.

Electrodialysis
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Figure 3.2: Conventional ED configuration at laboratory scale, Lenntech (Delfgauw).(1) ED module with membrane stack of 10
cell-pairs, (2) concentrate bottle, (3) diluate bottle, (4) electrode rinse solution bottle, (5) power supply, (6) EC probe, (7) multimeter and

(8) external logging device.

The laboratory set up and a schematic flow diagram for the ED experiments are shown in Appendix B.5
and Figure 3.2, respectively. The specific apparatus used for ED experiments consisted of the following:

500mL laboratory bottle DURAN®

Digital pressure sensors FESTO SPAN in ranges 0...2 bar
Power supply

Magnetic stirring plates

PCcell GmH ED 64002, electrode surface 6.4-1073 m?

PCcell GmH ED stack MVB, 10 cell pairs (10 AEM, 9 CEM and 2 CEEM). Total anion exchange membrane
surface 6.4-10"2m ™2 and total cation exchange membrane surface 5.8-10 3 m?.

TENMNA power supply
Stirring plate



3.4. Electrodialysis 21

3.4.1. Set-up procedure, conditions and data collection

Whilst VMD and RO concentrate the brine by decreasing the water content in the feed, ED concentrates the
brine by transportation of ions from the diluate to the feed compartment. A feed stream is fed to the ED as ini-
tial diluate and concentrate streams, thus both starting with identical ion concentration. The feed stream can
be fed to the diluate compartment only, while the concentrate stream starts with clean water. The former way
of operation is preferred as it eliminates the need for clean water and was thus used during the experiments.
In the ED experiments, the module was fed equal starting concentration solution in the diluate and concen-
trate chambers, while the ERS was a 1M NaNOjs solution. The three streams were recirculated through the ED
module by means of a peristaltic feed pump. The ED stack consisted of 10 cell pairs with alternating mono-
valent AEM and CEM membranes with in-between spacers. The EC in the diluate and concentrate beakers
were continuously monitored. The module was provided with a set current by the power supply, according to
the calculated LCD for each test condition. The current and the electric potential data during the experiment
were continuously logged using the laptop. Pressure sensors were placed before the feed inlets to determine
the pressure drop across the module.

3.4.2. Data processing
Processing data to obtain the concentration factors included conversion of the obtained EC measurements
to concentration in NaCl g/L using the calibration curve.

1. The change in solution mass was measured by weighing the solutions before and after each experiment.
The volume was approximated using an average density of NaCl solution at 293,15 K for wt% between 1
and 19, p4pg Nact = 1061 kg/ m3. The final concentrations were corrected for the volume change during
that experiment. The CF was then calculated by dividing the final concentrate concentration by its
initial concentration.

2. The mass transfer in ED is the sum of the salt, osmotic water transport and electro-osmotic water trans-
port as explained in Section 2.3.1. The change in solution mass was assumed to be the total mass
change. The salt transport was calculated using Equation 2.22 and the electro-osmotic water transport
was approximated using Equation 2.23. The osmotic water transport was calculated by subtracting the
mass transport contribution of salt and electro-osmosis from the measured change in total mass.

3. For each experiment, the current efficiency was calculated as high current efficiencies are desirable to
minimize operating costs. Current efficiency was calculated using Equation 2.25.

4. The electrical energy consumption for ion transport in ED was calculated using Equation 2.30 and the
energy for recirculating the feed was calculated using 2.15. The energy consumption can be expressed
as normalization by feed volume or by transported salt.



Results and discussion

4.1. Simulation of the effect of limiting factors for concentrating NaCl so-
lutions by RO

Figures 4.1 (a), (c) and (e) shows the effect of constant net driving pressure (NDP) on the recovery, rejection
and average permeate flux per element at a single stage RO system design at different feed concentrations.
Figures 4.1 (b), (d) and (f) shows the effect of constant NDP on the specific energy consumption (SEC) nor-
malized by the produced concentrate and the concentration factor at different feed concentrations. The re-
covery of the system increases with increasing NDP, which was observed for each feed concentration. The
highest trend in recovery with NDP was observed at the lowest feed concentration, while the lowest trend
was observed at the highest feed concentration. this can be explained by the actual applied pressure, which
is increases with increasing feed concentration until it reaches the membrane’s pressure limit.

The achieved NDP also translates to concentration factors, which is lowest at 5 bar and highest at 20 bar.
Results show that the rejection has a slightly decreasing trend with increasing NDP, which indicates that the
permeate quality decays at higher feed pressures. However, the overall rejection was higher than 97% in each
simulation and thus the permeate quality did not decay significantly. While this rejection trend could lead to
lower concentration factors, the increase in recovery with NDP is greater than the rejection trend and thus re-
sults in overall increase of concentration factor. Considering that the trend in recovery flattens and decreases
with feed concentration, the highest concentration factor trend with NDP was observed at low concentra-
tions. This relates to the ability to achieve higher recoveries at low feed concentration, as the related applied
pressure is well below the membrane’s maximum pressure limit. The difference between applied pressure
and the maximum pressure diminishes with increasing feed concentrations.

The difference in flux per element is presented in Figure 4.1 (a) as error bars, which is highest in the first
element and decreases exponentially with each element (see Appendix B.1). Results show that spatial varia-
tion in permeate flux amplifies with increasing NDP. A system with low spatial variation in permeate flux is
preferred in general, which is observed at the lowest NDP for each concentration. However, a high cross flow
velocity on the feed side of the membrane is also important to consider to counter polarization effects among
other things. A permeate flux of 15 to 18 LMH is recommended for sea water RO systems. Considering that
the importance of applying high cross flow velocities becomes more significant with concentrations higher
than sea water (i.e., 3.5% salinity), it can be conclude that the application of RO for concentrating brine with
concentrations higher than 40 g/L seems unfeasible due to low flux. It was expected that the average fluxes
per applied NDP should result in same value at different feed concentrations, however it shows a decreasing
trend. The reason could be that the WAVE software considers unwanted side-effects, such as concentration
polarization, which becomes more significant at increasing concentrations. Finally, the energy consumption
has a positive correlation with NDP. The energy consumption for feed concentration 20 g/L was 4, 13 and 38
kWh/m3 corresponding with concentration factors 1.8, 2.9 and 4.7 (35, 57 and 91 g/L), respectively.

22
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Figure 4.1: Effect of constant feed pressure on permeate flux, recover and rejection (a), (c) and (e) and on the SEC and concentration
factor (b), (d) and (f) for different feed concentrations

4.2. Effect of NaCl concentration on electrical conductivity

Electrical conductivity (EC) can be used as an indicator for salt concentrations, like NaCl, in solution. NaCl so-
lution is a strong electrolyte, which means that in aqueous solution the ions are charged and can move when
external voltage is applied, allowing the solution to conduct electricity. The more ions are present in the so-
lution, the more electricity the solution can conduct and therefore the higher the conductivity. A calibration
curve was realized to put in place the relationship between the NaCl concentration of the solution and its EC,
as shown in Figure 4.2. Theoretically, the conductivity should increase in direct proportion to the ion concen-
tration. In practice, this does not hold true. The conductivity does not only depend on the charge carriers,
the ions, it also depends on its mobility. As the concentration of the ion increases in a solution, the mobil-
ity of these charge carriers decreases and appropriately the conductivity represents a quadratic effect. The
measured values were extrapolated and at higher salt concentrations this phenomena occurs, as presented
in Figure 4.2. During the experiments, the EC of the target solution is continuously measured. Subsequently,
the corresponding NaCl concentration is determined using the relationship between NaCl concentration and
the EC presented in Figure 4.2.
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Figure 4.2: Electrical conductivity as a function of NaCl concentration.

4.3. Limiting factors of concentrating NaCl solution using VMD

The VMD experiments were conducted to study the effect of different NaCl feed concentrations and oper-
ating temperatures on the concentration performance on the water flux. This permeate flux has a direct
relationship with the achieved concentration factor, as water is the only volatile compound in the considered
solutions. In this work, two VMD parameters were assessed: feed operating temperature and NaCl feed con-
centration. The feed flow rate was adjusted accordingly to the operating temperature and spacer geometric
parameters for regulating a constant Reynolds number of 350, while the pressure in the permeate side was
held constant at a partial vacuum pressure of 1500 Pa by the vacuum pump. The detailed calculations of feed
flow rate for the experimental conditions is presented in Appendix B.1. The maximum solubility limit for NaCl
in water at 25 °C is 357 mg/mL (i.e., 26.3 wt%) and does not change significantly with temperature. In theory,
distillation can be applied until the treated solution has reached its maximum solubility level. Considering
that the objective is to test different experimental conditions rather than crystallizing NaCl, the VMD exper-
iments were performed until a CF of 1.1 was achieved. As such, it is presumed sufficient data was obtained
to assess the technology on concentration limiting factors and energy consumption. The NaCl feed solutions
were prepared using deionized water with EC values between 18 and 250 uS/cm. The EC of the collected
permeate of each experiment was measured and the values were repeatedly under 250 uS/cm and thus it
was proven that the membrane fully rejected the salt. All test conditions were repeated twice to evaluate the
spread of the data and improve the reliability of the investigation.

4.3.1. Influence of NaCl feed concentration on the bulk vapour pressure

The effect of operating temperature on the water vapour pressure of different NaCl solutions are presented in
Figure 4.3 (a). The figure show that the PHREEQC simulation output and Antoine’s vapour pressure calcula-
tion for pure water are in agreement, and therefore it is assumed that the PHREEQC model produces reliable
outputs for this assessment. The simulations show an exponential trend for the vapour pressure of the differ-
ent solutions with increasing temperature. This can be explained by the liquid-vapour equilibrium concept,
discussed in Section 2.2.1. With increasing temperature, the fraction of molecules with high kinetic energy
increases and thus higher rates of vaporization is achieved. The observation agrees with the kinetic theory,
previously discussed in 2.2.1.

Though the values of increasing vapour pressure seems similar for different solution simulation at first,
differences in results appear if we take aim at a portion of the graph. Figure 4.3 (b) shows the simulated
vapour pressures for different NaCl solutions in a temperature range of 30 to 50 °C. With increasing NaCl
concentration in the solution, the vapour pressure is lower at identical temperatures. This is because the
solute mole fraction increases strongly with higher solute concentrations, and therefore the vapour pressure
reduces accordingly.

NaCl concentration [g-L™']

20 40 80
30 | 1.19% | 2.41% 5.05%
Temperature [°C] 40 | 1.19% | 2.43% | 4.90%
50 | 1.19% | 2.41% 5.05%

Table 4.1: Lowering of the vapour pressure with increasing solute fraction.

Table 4.1 presents the lowering of the vapour pressure due to increased solute fraction in the considered
NaCl solutions compared to pure water. It is observed that the change in water vapour pressure of NaCl so-
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Figure 4.3: Sub figure (a) presents the effect of operating temperature on the water vapour pressure of NaCl solutions and sub figure (b)
presents the detailed data between temperatures 30 and 50 °C.

lutions is of a similar value for each concentration at the considered temperatures, i.e., the vapour pressure
lowering for a 20 g/L solution is 1.2% at each temperature. The vapour pressure lowering at 20 g/L compared
to 40 g/L is by a factor of 2 (i.e., 1.2% versus 2.4%), which is similar to its concentration factor. However the
vapour pressure lowering at 20 g/L compared to 80 g/L is by a factor of 4.2, which is higher than its concen-
tration factor of 4. This indicates that the lowering of vapour pressure intensifies at higher solute concentra-
tions. Though, the overall effect of vapour pressure lowering due to increasing operating temperature and
NaCl concentration is not striking.

4.3.2. Membrane distillation coefficient

The permeate flux of deionized water was measured at different temperatures. The simulated vapour pres-
sure differences at these temperatures were then plotted against the permeate fluxes, see Figure 4.4. The re-
sult shows a linear relationship between the pure water flux and the vapour pressure difference of which the
slope represents the overall membrane distillation coefficient, Cyyp = 0,003 kg/m?/h/Pa. This coefficient
enables prediction of the permeate flux at different operating temperatures, but is membrane and vapour
specific.

0 2500 5000 7500 10000 12500 15000
APyyp (Pa)

Figure 4.4: Relationship between the permeate flux and vapour pressure difference for pure water.

4.3.3. Effect of feed temperature and salinity on permeate flux

At the lowest considered operating temperature of 30 °C, the results do not show the phenomena clearly.
Moreover, the permeate flux for deionized water is lower than permeate fluxes for the different NaCl feed
concentrations. A decreasing trend in water flux should be observed for increasing concentrations due to
lowering of the vapour pressure, but this is not the case. The imprecision of data could be due to the sample
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size (i.e., concentration factor of 1.1), which might have been small to obtain reliable results at low operating
temperature. The lab-scale set-up was not insulated and the sample volume was small, thus loss of heat to the
environment and improper temperature regulation by the thermostat at low operating temperatures could
have influence the results negatively.
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Figure 4.5: Permeate flux of the membrane under three different operating temperatures (30, 40 and 50 °C), using three different NaCl
starting concentrations (20, 40 and 50 g/L) and deionized water.

4.3.4. Energy distribution in VMD process

In the previous section it was discussed that operating temperature has a greater effect on the permeate flux
compared to the feed concentration. The average flux of the feed concentrations per operating temperature
was thus assumed to calculate the energy consumption. The average fluxes for 30, 40 and 50 °C used for
the calculations are 7, 19 and 32 kg/m?/h, respectively. Figure 4.6 (a) and (b) present the effect of operating
temperature and concentration factor on the energy consumption and its distribution. Figure 4.6 (a) shows
clearly that the energy consumption to concentrate a solution to the same concentration factor at different
temperatures is very similar. This is reasonable, because the same amount of water is needed to evaporate
to achieve the same concentration factor. However, the increase in energy consumption with concentration
factor is not proportional. Results prove that an exponential relation exists between the concentration and
the energy consumption. This means that VMD proves to be most efficient when applied to high feed con-
centrations. There is a slight increase in energy consumption with higher temperatures, which is related to
the energy contributed by the cooling step. More energy is consumed to cool down higher temperatures,
however the increase in energy is insignificant. Figure 4.6 (b) presents the energy distribution of different
components used for VMD, which is consistent with increasing operating temperature. The results show that
condensation contributes to the highest energy consumption, which accounts for 81% of the total energy
consumption. The second-highest energy consumer in the system is the vacuum pump, which accounts for
18.9%. The remaining 0.1% is contributed by the other components, which is insignificant compared to the
condenser and vacuum pump. It is worthy to mention that most of the energy consumed is on the permeate
side of the of such systems and therefore it is clear that in VMD the operating temperature does not contribute
to a significant change in overall energy consumption. A high operating temperature merely dictates how fast
the concentration happens (i.e., high operating flux).

COP values can be considered for the thermal components when conceptualizing a VMD system, which
was discussed in Section 2.2.4. For heating elements a COP value of 6.2 was considered, while a COP value
of 3.8 was considered for cooling elements. Figure 4.7 presents the effect of COP values on the overall energy
consumption by VMD. Results show that the overall energy consumption decreased by a factor of 2.4, which is
significant. Furthermore, the energy distribution changed to rather equal parts. With improved COP values,
the energy contribution by thermal components decreases and results in a significant decrease in overall
energy consumption. From these results it is clear that the energy consumption by VMD is greatly limited by
the efficiency of the vacuum pump.



4.3. Limiting factors of concentrating NaCl solution using VMD 27

5000

4000

w
o
o
o

2000

Energy consumption
(kWh/m3-concentrate)

1000

468

1874

472

1887

40

Operating temperature (C)

()

oCondensation O Vacuum pump

18,9%

81,0%

(b)

Figure 4.6: Sub figure (a) presents the effect of operating temperature and concentration factor on the energy consumption and sub
figure (b) presents the energy distribution in VMD.
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concentration factors and sub figure (b) presents the COP-adjusted energy distribution in VMD.
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4.4. Limiting factors of concentrating NaCl solution using ED

The ED experiments were conducted to study the concentration performance in terms of operating principle,
feed concentration and achieved concentration factors. As ED can be operated under different settings, based
on the approach, the chosen operating principle of ED in this study is to reduce the salt concentration by 50%
from the diluate applying different current densities. Initial concentrations of 20, 40 and 80 g/L were used as
feed solution. Furthermore, the effect of different initial diluate to concentrate volume ratios was studied.

4.4.1. Influence of salt concentration and cross-flow velocity on LCD
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Figure 4.8: Effect of cross flow velocity on limiting current density
different NaCl concentrations and cross flow velocities of 0.5 and 1 cm
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Table 4.2: Limiting current densities of salt concentrations using a
cross-flow velocity of 1 cm 571,

Following the operating principle using the final diluate concentration as the restriction, the effect of salt
concentration and cross-flow velocity on the LCD was studied. The LCDs were experimentally determined
using the method by Cowan and Brown (1959) for salt concentrations 20, 40, 60 and 80 g/L and cross flow
velocities of 0.5 and 1 cm/s. The elaborate findings of this experiment can be found in Appendix B.3. The ob-
tained LCDs were plotted against the salt concentrations for each cross flow velocity, as presented in Figure
4.6. The results show that with increasing salt concentration, the LCD increases and that the LCD increases
with cross flow velocity, but is not proportional. Usually, the lowering of the slope occurs in solutions with
multiple compounds. This behaviour is the effect of hindrance on ionic removal by other compounds (i.e.,
organic molecules). Though the prepared feed solution does not contain other compounds and such retard-
ing effect was not expected, the obtained results does correspond to the general findings from literature. As
mentioned in Section 2.3.2, no optimal cross flow velocity has been reported in literature. In principle higher
LCDs can still be achieved when applying higher cross flow velocities, but operational-wise it might not be
economically feasible due to the related high power supply and possible negative side-effects (i.e., cooling re-
quired). In the continuation of this study, all ED experiments were performed using the highest determined
cross-flow velocity of 1 cm/s.

4.4.2. Effect of partial LCD on the concentration performance by ED

Effect of partial LCD on energy consumption

To prevent negative effects, such as water dissociation on the IEX membranes, it is important to operate ED
under the LCD as previously discussed in Section 2.3.2. However, it is also interesting to investigate the ef-
fect of partial LCDs on the concentration performance and energy consumption. The ED experiments were
conducted using constant current densities presented in Table 4.2, using the linear relationship in Figure 4.6
corresponding to a cross flow velocity of 1 cm/s. Figure 4.9 (a), (b) and (c) presents the evolution of con-
centration in the diluate and concentrate streams over time. Salt migration from the diluate to concentrate
channels were clearly observed as the concentrations in the diluate stream reduced while the salt concen-
tration increases in the concentrate stream. A 50% concentration reduction was achieved for each diluate
stream, as intended. A constant CD was applied throughout each experiment, which suggests that with lower
applied partial LCD (i.e., lower CD) the operational time to achieve the goal is prolonged compared to higher
partial LCD, provided that other parameters remain constant. Increasing the partial LCD from 0.50 to 0.90
reduces the operational time from 21 to 11 minutes for feed concentration 20 g/L. Increasing the partial LCD
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from 0.50 to 0.75 for the same feed concentration reduced the operational time from 21 to 13 minutes. The re-
sults suggest that the operational time is not proportional to the applied CD between partial LCDs of 0.50 and
0.90. Similar trends were observed for feed concentrations 40 and 80 g/L. This can be explained by the non-
proportional relationship between the experimentally determined LCDs and the salt concentration, which
also directly translates to the energy consumption.
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reducing the diluate salinity by 50%.

Effect of partial LCD on concentration factor

Figures 4.10 (a) and (b) present the achieved concentration factors and energy consumption normalized to
m3 produced concentrate. Though a dilution factor of 2 was achieved in the diluate stream, the results show
that the concentration factor in the concentrate stream was not equal. The average concentration factors
achieved were 1.5, 1.4 and 1.3 for initial feed concentrations 20, 40 and 80 g/L, respectively. Furthermore,
energy consumption increases with higher applied CDs for each feed concentration, while similar concen-
tration factors were achieved. This means that it is more advantageous to apply lower CDs to achieve the same
desalination of the diluate, because the concentration factor is limited to the amount of salt transported from
the diluate. The reason why the energy consumption is higher for high feed concentrations is because the
absolute salt transport is larger at higher concentration.
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Figure 4.10: Sub figure (a) shows the impact of applied partial LCD on the concentration factor for different feed solutions for reducing
the diluate salinity by 50%. Sub figure (b) shows the impact of applied partial LCD on the energy consumption.

Figure 4.10 (a) shows that lower concentration factors are achieved with higher feed concentrations, which
can be explained by the presence of osmosis, electro-osmosis and diffusion. The mass transport of salt and
water were measured and calculated based on the initial diluate mass, which are presented in Figures 4.11
(@), (b) and (c). The total mass transport to achieve a dilution factor of 2 in the diluate for feed concentrations
20, 40 and 80 g/L are 6%, 11% and 21% on average. Figure 4.11 (b) shows that the osmotic water transport
consistently contributes to half of the total mass transport with partial applied LCDs, whereas Figure 4.11 (c)
show that the osmotic water transport contributes to less than half of the total mass transport. Figure 4.11
(a) shows a decreasing trend in osmotic water transport with increasing current density. A study by Doorn-
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Figure 4.11: Sub figures (a),(b) and (c) show the impact of partial LCDs on the salt and water mass transport distribution and the current
efficiencies for reducing the diluate salinity by 50%, for feed concentrations 20, 40 and 80 g/L, respectively.

busch et al. [58] investigated the effect of uniform current densities on water flux, among other things, using a
synthetic brine (30 gNaCl/L) and showed that higher current densities resulted in increased electro-osmotic
water fluxes, which is opposite what is observed in Figure 4.11 (a). A possible explanation for a decreasing
contribution of osmotic water transport at the lowest feed concentration could be that the operating time
is dominant over the mass transfer coefficient contribution by osmosis, while at higher feed concentrations
effect is reversed. Figure 4.11 (c) shows a slight increasing osmotic water transport trend with higher applied
CD, which is a similar observation made by Doornbusch et al. [58]. However, not enough data was collected
to prove this behaviour to be consistent. Furthermore, the results show that the osmotic water transport
contribution to the overall mass transport decreases with increasing feed concentrations provided that same
operational settings are applied i.e., determine partial LCDs accordingly. It is important to mention that the
absolute water transport increases with higher feed concentrations. Meaning that the concentrate stream
becomes more diluted and thus lower concentration factors will be achieved with higher feed concentrations
based on these operational settings, which was previously observed in Figure 4.10 (a). Figures 4.11 (a) and
(b) show that current efficiency decreases with higher applied CD, which could mean that diffusion is more
dominant at CDs close to LCD. Figure 4.11 (c) does not show the same trend, but proves that high current ef-
ficiencies are achieved with higher feed concentrations. This means that current utilization is affected less by
diffusion with high feed concentrations. In theory, the rate of diffusion increases with greater concentration
gradient across the membrane among other things. It was thus expected that for higher feed concentrations,
lower current efficiencies should be observed. This was not observed in this study, but the overall current
efficiencies are higher than 90%. This proves that the selected ED operating process is rather efficient.

4.4.3. Effect initial volume ratio on the concentration performance of ED

In the previous subsection it was discussed that concentration factors are limited by amount of salt transport
from the diluate. The incentive to investigate different initial volume ratios was to make an effort to achieve
higher concentration factors in the concentrate stream. The initial volume ratio is defined as ® = V;; : Veone-
Initial volume ratio 2 (®,) and 4 (®4) were investigated additional to the base case, in which the volume ratio
was 1 (@1). Other operating parameters were kept the same. The effect of different initial volume ratio on
the salt and water mass transport are presented in Figure 4.12. The total mass transport to reduce the salt
concentration in the diluate by half for feed concentrations 20, 40 and 80 g/L are 5%, 11% and 22% on av-
erage for the evaluated volume ratios. These values correspond to the values of ®;, as previously observed.
It is very remarkable that the total mass transport and its salt and water contribution at each feed concen-
tration is fairly equal for a different initial volume ratio. Furthermore, the previous observation in which the
operating time is dominant over the mass transfer coefficient contribution by osmosis at lower feed concen-
trations at ®;, was not observed at ®, and ®4. The achieved concentration factors for volume ratios 2 and 4
are presented in Figures 4.13 (a) and (b), respectively. Average concentration factors of 1.5, 1.8 and 2.5 were
achieved for feed concentration 20 g/L at ®;, ®, and @4, respectively, while average concentration factors of
1.3, 1.5 and 1.8 were achieved for feed concentration 80 g/L. The results show that the effect of higher volume
ratios results in higher overall concentration factors. This is because the same amount of salt is transported
into smaller volumes, while the osmotic water transport and current efficiencies are comparative at different
initial volume ratios. Hence, more concentrated salt solutions can be obtained when increasing the initial
volume ratio. A study by Jiang et al. [59] investigated the effect of volume ratio on the TDS of the concen-
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Figure 4.12: Sub figures (a), (b) and (c) show the impact of partial LCDs on the salt and water mass transport distribution and the current
efficiencies using an initial volume ratio of 2, while the results with initial volume ratio 4 are presented in sub figures (d), (e) and (f).

trate compartment and shares the same observation. This research observed a factor 1.4 increase in TDS
concentration by applying a volume ratio of 3, using RO brine and current density 50 A/m?.

Figure 4.13 (c) presents the energy consumption required to obtain the aforementioned concentration
factors for different feed solutions. These results concerns the experiments performed at 0.5LCD, because it
was previously observed that it is more advantageous to apply lower CD whilst the same CF are achieved. The
energy consumption seems to increase proportionally when comparing the data sets of ®; and ®, with re-
gards to 50% salt reduction in the diluate stream. For feed concentration 20 g/L using ®; required 3 kWh/m3,
whilst using @, required 7 kWh/m?3. The required energy increased by a factor of two, which also corresponds
to the volume ratio increase. This is reasonable, because the amount of salt to be transported using ®; is
twice as much compared to ®; and thus requires twice the amount of energy. Comparison of the energy
consumption of data sets ®; and ®, show that transporting four times the amount of salt does not result in
an energy consumption increase by the same factor, but less. The results prove that the energy required to
reduce 50% of the diluate concentration is proportional to the volume ratio when assuming ®,, but does not
hold true for larger volume ratios. The concentration factors achieved using @, ®, and @, are presented in
Figure 4.10 (a), Figure 4.13 (a) and Figure 4.13 (b). The results show that with increasing volume ratio, higher
concentration factors were achieved. The highest increase in concentration factor was achieved using feed
concentration 20 g/L (1.5, 1.8 and 2.5), whilst the lowest increase in concentration factor was achieved using
feed concentration 80 g/L (1.3, 1.6 and 1.8). These comparisons also prove that the increase in concentration
factor is not proportional to the increase in volume ratio. Appendix B.3 presents the full data set of the effect
of volume ratio on concentration factor and energy consumption, including the results of partial LCDs 0.75
and 0.90.
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Figure 4.13: Sub figures (a) and (b) show the impact of volume ratios 2 and 4, respectively, on the concentration factor. Sub figure (c) shows the impact of different
volume ratios on the energy consumption, based on 0.5LCD.

4.5. Comparison of brine concentration performance: RO, ED and VMD

The energy consumption to concentrate different feed solutions using RO, ED and VMD are presented in
Figure 4.14 (a), (b) and (c), respectively.
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Figure 4.14: Energy consumption for different membrane technologies for concentrating different feed solutions.

The RO results show that it is possible to concentrate a wide range of feed concentration and that energy
consumption can be reduced by staging. To concentrate 20 g/L to 80 g/L could be performed by two stages,
for example. The first concentration step can be performed to achieve CF = 2 by applying an NDP slightly
higher than 5 for which the energy consumption is about 5 kWh/m3. When achieving 40 g/L after the first
stage, a second stage with higher applied pressure can be used to achieve another CF = 2 by applying a NDP of
10 for which the energy consumption is about 10 kWh/m?. In total 15 kWh/m? is used to achieve a final con-
centration of 80 g/L using two stages, compared to 38 kWh/m? if the concentration step is performed using
one stage. An energy reduction by factor 2.5 can be achieved when using a two-stage RO system compared
to a single-stage RO system. However, as discussed in the previous section, the application of RO for concen-
trating feed solutions higher than 40 g/L seems unfeasible due to low flux production. Low flux production is
correlated to low cross flow velocities, which leads to negative side-effects such as increased boundary layer
on the feed side of the membrane. Furthermore, conventional seawater RO systems are limited to about 50
bar. High pressure reverse osmosis (HPRO) systems can go up to 120 bar, based on the mechanical limitation
of the membrane. However, the components for HPRO systems are usually more expensive as they require
higher mechanical strength to ensure consistent performance. This results in higher initial costs, which does
not out-weight the choice to use a different membrane technology after the concentration limitation has
been achieved with RO. The maximum achievable concentration related to a feed pressure of 50 bar using
RO is 57 g/L, for feed concentration 20 g/L and 10 NDP (see Figure 4.1 (b)). The energy consumption that is
associated to this concentration step is 38 kWh/m3.

The ED results show that it is also possible to concentrate a wide range of feed concentration and that
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Figure 4.15: Schematic diagram of a multistage ED using counter flow operation mode.

higher concentration factors can be achieved using high initial volume ratios, while minimizing the effect of
osmotic water transport and diffusion on the final concentrate concentration. High concentration factors
can also be achieved by ED staging and using a counter flow operation mode. Multistage ED is beneficial
becaus higher CD can be applied after each subsequent concentration stage, due to increasing LCDs with
higher concentration. This effectively decreases the energy consumption compared to constant applied CD.
Moreover, previous results prove that there is a concentration factor limitation caused by the amount of salt
transport when applying a constant CD. As such, an overal larger amount of salt transport can be achieved
using multistage ED. Counter flow operation mode is beneficial because it decreases the concentration gradi-
ent across the membranes, which further decreases the effect of osmotic water transport and diffusion. This
means that higher concentration factors per stage can be achieved. A possible schematic of such multistage
ED with counter flow operation mode is presented in Figure 4.15. To concentrate 20 g/L to 140 g/L could
be performed by multistage as follows. Figure 4.14 (b) shows that CF = 2 can be achieved when applying a
volume ratio of 4, for which the energy consumption is about 8 kWh/m3. So far, the energy consumption
by ED is slightly higher compared to the energy required to achieve the same concentration using RO with a
multi-stage design but is very comparable. At 40 g/L a higher CD can be applied, which can achieve a con-
centration of 80 g/L for which the energy consumption is about 17 kWh/m3. At 80 g/L a higher CD can be
applied, which can achieve a concentration of 140 g/L for which the energy consumption is 40 kWh/m?. The
total energy required to concentrate 20 g/L to 140 g/L is 65 kWh/m3. As indicated earlier, the RO system be-
comes unfeasible when achieving concentrations higher than 57 g/L and thus ED is preferred over RO due to
its ability to concentrate further.

The VMD results show that the average energy consumption to concentrate brine is much higher compared
to ED and RO. As a comparison to concentrate 20 g/L to 60 g/L using RO and ED requires 13 and 18 kWh/m?3,
respectively. Using VMD for this step requires 765 kWh/m3, while considering COP values for heating ele-
ments. The VMD energy consumption for a similar concentration factor increases by a factor of 61, which is
significant. As the VMD energy consumption is governed by the amount of water to be evaporated, it is more
feasible to apply VMD at higher feed concentrations. This also means that the increase in energy consump-
tion of VMD, compared to RO and ED, increases significantly with lower feed concentrations. While for RO
and ED the trend is opposite i.e., the energy consumption of RO and ED decreases with lower feed concentra-
tions. In theory VMD is able to concentrate a salt solution to its solubility limit, whereas RO and ED cannot.
Thus, this technology has added value in case zero liquid discharge (ZLD) is needed. This means that VMD
is a suitable choice as a final concentration step, but not for concentrating brines within the considered range.

Although the energy consumption to concentrate lower feed concentrations for RO were not simulated, it
can be assumed that RO is the optimal choice to produce high quality permeate compared to VMD. This is
because the energy consumption for VMD is a factor 100 higher compared to RO to produce the same or bet-
ter permeate quality, while prioritizing concentration. Lower feed concentrations were not tested using ED,
but it is expected that RO will outperform ED in this range, in terms of energy consumption. Although lower
feed concentrations were not tested using VMD, the VMD energy consumption increases significantly with
lower feed concentrations as mentioned before.



Conclusions an Recommendations

5.1. Conclusions

The goal of this research was to broaden current knowledge on brine concentration using RO, ED and VMD by
assessing its limitations for concentration and energy consumption. To achieve this goal, research questions
were posed in Section 1.3 to provide an approach for this study assessment. The answers to the research
questions and conclusion are presented in this section.

How do RO limiting factors affect concentrating brine and how does it relate to its energy
consumption?

Concentration performance by RO is limited by the osmotic pressure exerted by the feed concentration. A
higher NDP resulted in increased concentration, but is limited to the maximum allowable applied pressure
on the membrane. A higher applied NDP also resulted in more spatial variation in flux for each element,
which is undesirable as it results in performance distribution imbalances in a pressure vessel. The average
fluxes declined greatly with higher concentrations for which negative side effects, such as increase in bound-
ary layer, are more likely to occur. NaCl concentrations of 57 g/L and lower were proven to be feasible using
RO, which can be performed by conventional sea water RO membranes with maximum applied pressure of 50
bar. All in all, RO systems are sensitive to feed quality and operating conditions. Although the WAVE software
simulations provide good indication of the performance, it lacks information with regards to practical limita-
tions. The impact of fouling that leads to reduced performance in the long-term, is overlooked. In reality, the
energy consumption will be significantly higher than estimated by the WAVE software.

How do ED limiting factors affect concentrating brine and how does it relate to its energy
consumption?

Concentration performance by ED is limited by the amount of transported salt, effects of osmotic water trans-
port and diffusion. Experimental results showed that LCD is positively correlated to salt concentration and
higher cross flow velocities. Increasing the LCD by applying high cross flow velocities is not necessarily de-
sired, as it might increase operational costs due to required cooling. The effect of increasing partial LCDs
on energy consumption was found to be disadvantageous. Higher energy consumption was observed using
higher partial LCDs, whilst the concentration quality remains constant. This effect intensifies at higher feed
concentrations, whilst considering a constant dilution factor of 2 for the diluate stream. Furthermore, it was
observed that the dilution and concentration factors in the diluate and concentrate stream, respectively, was
not inversely proportional. This is due to the effect of osmotic water transport and diffusion which is present
in the ED process and increases with greater concentration gradients i.e., increasing feed concentrations.
Higher initial volume ratios were found to be advantageous for achieving higher concentration factors, whilst
the effect of osmotic water transport and diffusion on the concentrate quality did not change. The concentra-
tion range between 10 g/L and 140 g/L was proven to be feasible using ED, which was experimentally proven
considering a set dilution factor of 2 for the diluate stream, applying 0.5 LCD based on the final diluate quality
and using an initial volume ratio of 4.

How do VMD limiting factors affect concentrating brine and how does it relate to its en-

ergy consumption?
Increasing feed concentration resulted in lower vapour pressures and thus lower driving force. The perme-
ate fluxes decreased with increasing feed concentration and were always lower compared to a pure water
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flux. This effect intensifies with increasing operating temperatures. Increasing operating temperatures re-
sulted in overall higher permeate fluxes. The effect of feed concentration on the permeate flux proved to be
insignificant compared to the effect of operating temperature. The average flux obtained using operating
temperature 30°C was 7 kg/m?/h and increased to 19 and 32 kg/m?/h at operating temperatures 40°C and
50°C, respectively. Main energy components in VMD are thermal energy required for initial heating, cooling
and condensation, while electrical energy is required for the recirculation pump and vacuum pump. The
energy distribution in VMD is governed by condensation and the vacuum pump, which corresponds to 81%
and 18.9%, respectively. The energy required for cooling the steam, initial heating of the feed from 20 degC
and recirculating the solution accounted for less than 0.1%. The energy consumption for VMD can be low-
ered significantly when considering COP values. Assuming practical COP values of 6.2 and 3.8 for heating
and cooling, respectively, decreased the energy consumption by a factor of 2.4. In principle, concentration
of brines using VMD can be performed until the solution’s solubility limit and therefore the application of
VMD is suitable for any feed concentration. However, concentration performance by VMD is limited by its
energy consumption as it is controlled by the amount of water to be evaporated. Therefore it is more feasible
to apply VMD at higher feed concentrations, which is suitable as a final concentration step to achieve ZLD
for example. RO and ED are preferred choices for concentrations lower than 140 and 10 g/L, respectively.

How do VMD and ED compare against RO in terms of concentration performance and
energy consumption?

The energy consumption to concentrate 20 g/L to 57 g/L using a one-stage RO system at 10 NDP was 13
kWh/m3. The same concentration step could be performed using a two-stage ED, which required 18 kWh/m?.
Using VMD for this step increased energy consumption by a factor of 61. RO and ED prove to be similar in
energy consumption in a concentration range between 20 g/L to 57 g/L. However ED is able to concentrate
further and thus becomes the more preferred technology in the range of 10 g/L to 140 g/L. For concentrations
higher than 140 g/L, VMD becomes the preferred choice. In terms of producing high quality permeate, RO
was found to be the optimal choice compared to VMD for the following reason. The energy consumption of
VMD increases with lower feed concentrations, while for RO and ED the energy consumption decreases.

5.2. Recommendation

This research intended to serve as a foundation to broaden the knowledge of brine treatment using RO, ED
and VMD. Naturally, further research needs to be performed to have a better understanding of the opportuni-
ties of using the aforementioned membrane technologies in practice. Topics and general remarks for further
research are summarized below.

¢ The simulations and experiments were performed using (synthetic) NaCl solutions. Repeating the ex-
periments using actual brine is recommended, because the water matrix is more complex and includes
components that might alter the concentration performance evaluated in this study. By doing so, the
effect of actual brine to synthetic NaCl solution on the concentration performance and energy con-
sumption can be compared. Furthermore, it is recommended to perform RO concentration experi-
ments for comparison with the simulation results.

¢ In this study, considerable assumptions were made for energy calculations of the VMD process. In
particular the heat calculations neglected actual heat loss of the system and temperature fluctuations
due to practical limitations of the experimental set-up. Furthermore, the VMD experiments were per-
formed using a flat sheet membrane with a surface area of 34 cm?. It is recommended to repeat the
VMD experiments in a more controlled environment (i.e., temperature controlled cooling and heating)
and using a larger membrane surface area to obtain more reliable and accurate results.

* Besides VMD, other thermal (membrane) technologies could also be relevant for brine concentrating
application. Especially for application in leading industries or areas where residual heat is available,
thermal (membrane) technologies are expected to be the viable option compared to pressure or elec-
trically driven separation technologies. Therefore, it is recommended to compare the results of this
study with other methods of evaporation using residual heat.

* The focus of this study was on concentration performance and associated energy consumption only.
For a continuation of this study, it is recommended to review the expenditures associated to the invest-
ment and operational expenses. Exploring this topic provides extra weighting factors to the decision
tree when choosing a technique or a hybrid system for a case-by-case study and will provide more ac-
curate practical solutions.
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5. Conclusions an Recommendations

¢ The simulation and experiments were designed based on limited sample sizes (i.e., small and lab-scale
production). Several non-conventional operation modes were suggested in this research, such as a
multi-stage ED using counter flow. Such operation modes are recommended to investigate at larger
scale, to see the effect of operation mode on the concentration performance and energy consumption
for brine treatment. This step is recommended to understand the actual technology performance in
practice, while optimizing the design.

¢ The acquired data in this study is insufficient to optimize parameters in existing models. Expanding
the current research data by performing experiments using more elaborate parameter ranges is recom-
mended to acquire a complete understanding of the concentration performance and energy consump-
tion for brine treatment. As such, mathematical models can be used and optimized using an extended
database.
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Literature review

A.1. Example from practice: BRINE-MINING

According to EUROSTAT (2019), the production of hard coal in the European Union (EU-28) shows a steady
decreasing trend since 1990. The production of hard coal in EU-28 is dominated by Poland, which accounts
for approximately 86% of the total share in 2018. Several other EU-28 countries contributing to hard coal and
brown coal production are the United Kingdom, Czech Republic, Greece, Bulgaria among others. Whilst coal
extraction for power production is progressively being replaced by renewable energy sources and natural gas,
import of coal for oil and gas production still reigns over the use of alternative energy sources. Furthermore,
coking coal is a vital component in metallurgy as carbon source and has been identified as a critical raw ma-
terial by the European Commission. Australia and China are the largest coking coal exporters, thus the supply
risk for the metallurgy sector is high. Due to its economic importance, the coal production in EU-28 will con-
tinue to remain an important sector [13, 60, 61].

Coal-mines have long been known to produce excessive amounts of brine, which is harmful to ecosystems
and aquatic life if discharged directly in open waters and restrains the measures against chemical pollution of
surface water according to the Water Framework Directive (WFD 2000) [62]. The source of coal-mine brine is
generally from seepage of excavated areas of the mine, underground dust suppression and equipment cool-
ing during mine operation. Wastewater is also produced during the coal preparation process, such as coal
washing to increase its energy efficiency, and from contaminated storm-water at the coal storage facilities
[61, 63]. Coal-mine brine is characterized by high concentration of salts and minerals, of which sodium Na*
and chloride CI” are most abundant. Furthermore, high concentrations of calcium Ca®* and sulphate SO/ in
coal-mine brine are also considered obstacles in the determination of treatment processes [64]. Additionally,
the salinity of the discharged brine limits water supply for the direct environment and communities. Whilst
coal delivers high value to the EU-28, the countries responsible for coal production are also accountable for
the environmental cost at national level. This alarming impact enlarges in view of countries with limited wa-
ter resources, making it complicated for these countries to manage their water resources well for industrial
and municipal purposes. For this reason, the EU-28 LIFE programme financially supports the implementa-
tion of the WFD and its Circular Economy package by commissioning the coal-mining industry to improve its
wastewater management performance. The aim of LIFE BRINE-MINING will be achieved through develop-
ment and the application of an economically viable and innovative system and full recovery of resources from
coal-mining wastewater. The project will work towards treatment and direct recovery of end-products (salts
and water) of high quality and purity. For the duration of this project, consumers that are interested in the
resources are involved to ensure market specification satisfaction and exploitation of the recovered materials.

In spite of the aforementioned environmental problems characterizing the mining sector, the treatment of
coal mine brine has not yet been extensively studied. In particular, high energy consumption associated with
conventional technologies for separating and concentrating coal-mine brine streams is still an issue [65].
Furthermore coal-mine brine contains a considerable large amount of minerals and salts, of which some are
becoming scarce and expensive. A possible recovery of such salts and minerals may mitigate its scarcity to an
extent and reduce the overall desalination treatment process costs. As an example of many brine producing
industries, coal-mining is referred to as guiding principle for general brine treatment in this research (see
Appendix A.2 and A.3 for background information). The focus of this research is on the concentration step
and more specifically treatment of the NF permeate with high concentrations of Na* and CI".
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Table A.1: Ziemowit coal-mine plant chemical sample analysis

Constituent Units Ziemowit-500  Ziemowit-650 Threshold pollution value
AVG + STD AVG + STD
Chloride (CI) [mg/L] 4201.7 £210.3 50775+ 478.7 1000
Bromide (Br’) [mg/L] <50 161+ 1.4 n.a.
Bicarbonate (HCO3) [mg/L] 535+ 9 195+ 0 n.a.
Nitrate (NOg) [mg/L] <50 <50 n.a.
Sulphate (SO [mg/L]  453.3+13.7  2762.5+29.9 n.a.
Sodium (Na*) [mg/L] 26283 +121.2 25950 + 264.6 800
Potassium (K" [mg/L] 50.8 £1.3 434+ 4.1 n.a.
Magnesium (Mg®")  [mg/L]  102.2+7.3 1981 + 14.3 n.a.
Calcium (Ca*") [mg/L] 94.7+ 7.6 17475+ 12.6 n.a.
Boron (B) [mg/L] 5.7+0.2 122+ 0.2 n.a.
Manganese (Mn) [mg/L] <0.1 3.6+£0.1 n.a.
Silicon (Si) [mg/L] 9.3+0.7 6.7+ 0.4 n.a.
Strontium (Sr) [mg/L] 2.6 +0.1 23.3+04 n.a.

A.2. Chemical analysis of coal-mine brine composition

In literature the coal-mine brine is characterized with large amounts of sulphates, bicarbonate and chloride
salts of sodium, magnesium, calcium and potassium, originating from geogenic salt accumulation. The water
samples confirm this, as high concentrations of these substances are found in coal-mine brine. Nitrate is also
found in the brine and requires removal as it will induce eutrophication if left untreated. A possible expla-
nation could be the explosive used in the mining operation, as primary source of NO5. The explosives con-
tain significant amounts of ammonium nitrate (NH4,NO3), sometimes Ca(NOj3), or NaNOj [66]. The chemical
CaBr, is often used in the mining process for coal refining, which is a possible explanation of Bromide present
in the brine[67, 68]. Higher concentration of Br™ is found in brine originating from lower depths. Discharging
bromide in surface water can be of harm to aquatic life and if the surface water is used for drinking water pro-
duction, there is a risk of trihalomethanes formation as drinking water treatment plants often use chlorine
to remove microorganisms [69]. Though trace elements (TEs) are found in smaller concentrations, they have
great environmental significance because of potential toxicity issues for ecosystems [70]. Furthermore, the
toxicity potential for drinking water causes great concern for public health [71]. Low amounts of Silicon found
in the brine could originate from weathering of underground surfaces during coal-mining processes [72]. An-
other important parameter is the pH of the coal-mine wastewater, as it has significant effect on the solubility
of metals in the water[63]. The concentration of suspended solids (SS) is also important to consider when
proposing a pre-treatment step. Unfortunately the pH and TSS concentration, as well as the temperature of
the water samples, were not available. It is assumed that the pH and temperature of the brine is around 7 and
25°C. Itis also assumed that coal dust from the mining activity contributes to high SS concentration [73]. Past
studies also indicate that natural radioactive isotopes may occur in coal-mine brine [74]. Threshold values for
Cl” and Na* were found for waste waters set out in the Order by the Minister of Environment (Poland, 2006)
[75].

A.3. Treatment required prior to concentration

Based on the coal-mine brine composition and generalized brine process flow scheme (see Figure A.2), pre-
treatment steps are presumed. Pre-treatment is required to ensure efficient treatment in downstream pro-
cesses. It is possible for SS to carry electrical charges, which can deposit on the membrane surface and thus
increase the resistance of the membrane [76]. The SS concentration can be reduced by mechanical filtration
units with different pore sizes. Sedimentation could also be an option, assuming that the coal-washery is
settleable [77]. To remove any remaining colloids and suspended solids, Ultrafiltration (UF) can be installed
after the aforementioned processes. The HCO5 concentration should be reduced as well, to avoid CaCO4
and MgCOj; formation which can foul the membranes. A solution for decarbonization is acid dosing (HCI)
and degassing columns in sequence. The H" is released in the solution (see figure A.1), the pH of the so-
lution drops and allows decarbonization process to happen in the subsequent degassing column. As such,
CO, is removed from the solution. The cost of chemical additives must be considered, which can be reduced
if downstream processes allows for HCI recovery, such as the application of bipolar membrane electrodial-
ysis (BPMED) [78? ]. To separate monovalent and multivalent ions, NF can be applied. Antiscalant dosing
must be considered, as scaling of sulphate salts on the membranes are expected. It can be assumed that the
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NF is able to reject multivalent ions (Mg?*, Ca®*, SO42_), producing a permeate with mostly monovalent ions
[79, 80]. Subsequent concentration steps can be applied to both the concentrate and permeate stream of the
NE The permeate stream has high potential for the recovery of NaCl by crystallization if concentrated further.
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Figure A.1: Relative speciation of CO,, HCO5 and CO{"~ in water as
a function of pH. Image retrieved from Pedersen [2 ].
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Figure A.2: Simplified brine process flow scheme
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B.1. Additional WAVE simulation data
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Figure B.1: The progression of spatial flux variation in a pressure vessel (a) and progression of feed pressure to obtain 5, 10 and 20 NDP
for different feed concentrations (b).
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B.2. Hydraulic conditions of spacer filled channels

The appropriate hydraulic conditions in flat spacer-filled channels was determined for each set of VMD con-
ditions, using derivations by Da Costa et al. [5] and Schock and Miquel [42], summarized by ? ]. The selected
feed spacer for the VMD experiments was a parallel shaped spacer with 47mil thickness. The geometrical
characteristics of this spacer is shown in Figure B.3. Fully unstable flow in spacer-filled channels is achieved
at Reynolds numbers starting from 350. Accordingly, the required flow was calculated for different operating
temperatures.

lmﬁ
i N /

Figure B.2: Geometrical characteristics of a spacer, Figure B.3: Geometrical characteristics of used feed
top view. Da Costa et al. [5] spacer with thickness 47mil, parallel shape, top view.
[CFO42A-FO] Spacer type: 47mil, Parallel
T VW u Qreq Qreq RPM
Definition  Unit Value |Definition  Unit Yalue °C - m/’s mi/min L/h -
Spacer geometry Hydraulic conditions infeed 20 1.0LE-06  0.178 748.5 44,91 412.4
Ima m 5.67E-03 Vot m? 5.10E-03 30 8.05E-07 0.142 599.1 35.95 330.1
Im 2 m 3.92E-03 Vsp m? L.13E-03 40 6.63E-07 0.117 433.5 29.61 271.9
ks m LA3E-03 | Ay m* 4.43E-05 50 5.59E-07  0.099 415.7 24,94 229.0
ds 5 m 8.37E-04| A, m* 3.53E-05 a0 4.79E-07  0.085 356.4 21.38 196.4
5] ° 86 dp m 1.93E-02 70 4.17E-07 0.074 309.9 18.a0 170.8
tp | m 1.19E-03 £ - 0.78 a0 3.67E-07 0.0a5 2728 16.37 150.3
B m* 9.02E-05 a0 3.26E-07 0.058 242.5 14.55 133.6
Flow test cell geometry Bt ot m* 7.02E-05
h, m 2.30E-03
W, m 3.92E-02
Operational settings
Re - 350
Py kg/m® 107417
T o [20,90]
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B.3. Determination of Limiting Current Density in an ED cell
The method by Cowan and Brown [55] was applied to each operational setting. For each set of condition, the
current-voltage curve was measured and the limiting current of each was found on the current at which the
derivative of the curve equals zero. To convert the value into current density, the current is divided by the
electrode area. The electrode area of the ED cell is 6.4 - 1073 m?.
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20 g-NaCl/L

Veross —flow = 0.5 cm/s Veross —flow = 1cm/s
Experiment ‘ Ronin[] ‘ 1/I (Rpi) [A71) ‘ I (Ryin) [A] | Experiment ‘ Ronin[Q] I 1/1 (Rpi) [A1] | T (Rpin) [A]
P1 7.01 0.623 1.60 P1 6.1 0.464 2.16
P2 6.93 0.586 1.71 P2 6.02 0.453 221
P3 6.78 0.586 1.71 P3 5.95 0.407 2.46
P4 5.82 0.424 2.36

40 g-NaCl/L

Verass —fiaw = 0.5 cm/s

Veross —flow = 1 cm/s

Experiment \Rmi,l[n] ’1/1 (Ronin) [A7Y] | T (Ryin) [A] | Experiment ‘ Ryuin[0] ’1/1 Runin) [A7Y] | T Ruin) [A]
P1 4.72 0.415 2.41 P1 3.78 0.151 6.62
P2 4.65 0.415 2.41 P2 3.65 0.146 6.86
P3 4.65 0.369 2.71 P3 3.54 0.142 7.06

60 g-NaCl/L

Veross —flow = 0.5 cm/s

Veross —flow = 1 cm/s

Experiment ‘ Ryuinl Q] ’1/1 (Ruin) [AY] | T (R [A]

Experiment ‘ Rmin[Q] ‘ 1/1 (Rmin) [A71] ‘ I(Rmin) [A]

P1 411 0.270 3.70
P2 4.01 0.333 3.00
P3 3.79 0.247 4.06

P1 4.95 0.212 4.71
P2 4.17 0.167 5.99
P3 4.00 0.166 6.04
P4 3.84 0.161 6.19

C80 g-NaCl/L

Vcross —flow = 0.5 Cm/S

Vcross —flow = 1 cm/s

Experiment ‘ Rmin[ﬂ] ’ 1/’ (Rmin) [Ail] I(Rmin) [A]

Experiment ‘ Rmin[ﬂ] ’ 1/1 (Rmin) [Ail] 1 (Rmin) [A]

P4 4.94 0.256 3.90
P5 4.71 0.230 4.36

P6 5.17 0.266 3.75

P1 2.75 0.110 9.09
P2 2.52 0.107 9.35
P3 2.47 0.101 9.85
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B.4. Effect of volume ratio on concentration factor and energy consump-
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B.5. Experimental configuration: laboratory set-up

Figure B.4: Vacuum MD configuration at laboratory scale, Lenntech (Delfgauw).

Figure B.5: Conventional ED configuration at laboratory scale, Lenntech (Delfgauw).
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B.6. Superheated steam
Tempermture
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Figure B.6: Phase diagram of water. Source: wikipedia.org CC BY-SA



B.6. Superheated steam

Property Value Uit
medium : || saturated steam
pressure : || 0.013 [Bar]
boiling E‘“‘“P“E s | 1301974284254 | [ Colaius)
density water : || 999.329177338 [kg/m]
denzity steama - || 0.011368533417849 || [kg/ ]
dynamue viscosity water : || 0.0011998309803635 || [Pas]
kmemzhe wiscostty water : || 1. 2006884276308 [ 10 m® /5]
dymamic viscosity steam : || 9.530518023182E-6 || [Pas]
kinematic viscosity steam : || 839. 11605552018 [ 105 m? /5]
specific iInner energy water: | 34.68364240721%9 [T k=]
specific mner epergy steam: || 2392 8061314443 [kF/kg]
specific enthalpy water : || 54.685143414128 [kF/kg]
specific enthalpy steam « || 2524 7492717657 [k /'keg]
specific entropy water : || 0.1955T206085579 [T/ ks K]
specific entropy steam : || 8.8270497446019 [T/ ks K]
specific isobar heat capacrty “"":;"- 4191669686631 [L] k=K ]
“pecific sobar hest capaity T |1 8984945323197 | [/ ke K]
specific isochor heat capacity “"":f_"' 41819050392351 || [T /k= K]
specific isochor heat capacity e | ] 4301870869614 [ [k /ke K]
isenopic exponent steam | | 515998019802
Ppa
thermal conductivity water : || 0.58563954684022 [WmE]
themmal conductivity steam : || 0.01 7798548750652 | [W/ mEK]
speed of sound steamn - || 418. 27749936928 [mni=]

Figure B.7: Calculation of steam properties at 1500 Pa noa [6].
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