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Introduction

INTRODUCTION

Nowadays the circular economy is considered asaetipal solution to the planet's
emerging resource crunch. Rare earth metals anerahin reserves of key resources, are
diminishing while exploration and material extracticosts are rising everyday more.
Currently, the 'take-make-dispose' linear econoppy@ach results in huge waste. Richard
Girling describes in his book “Rubbish!” [1] theagnatic situation of the current approach.
Almost 90% of the raw materials used in manufanmbecomes waste before the product
leaves the factory, whereas 80% of products madetiased anymore within the first six
months from their manufacture date. All these aspeoupled with growing tensions
around geopolitics and supply risk, are pushingdbemodity prices to high level. A
circular economy could contribute to solve som#heke issues exploiting waste material
as a source of new goods.

In accordance with the circular economy conceptntiain objective of this PhD thesis
is to explore new methods to produce energy anénmais from waste sources, with focus
on integrated cycles to “close the production Ipthgis minimizing waste production.

A huge amount of thermal energy is lost every dathe industrial sector, typically
in a range of low temperatures (40-100 °C) whickgdaot allow to exploit it in an efficient
way [2—-4]. A new method has been proposed in theD'Rieat to power (RED HtP)”
project [5], in order to convert waste heat endrdgg electricity by means of a reverse
electrodialysis (RED) stack operating in closedalolm particular, the artificial solutions
exiting from the RED unit are regenerated by mezngaste heat in a suitable device
purposely developed for this aim. The restoratibthe salinity gradient can be obtained
according to two ways which can be summarized k®is.

1) The more concentrated solution exiting from $adinity Gradient Power (SGP)
unit is integrated with a volume of diluted soluticontaining the required quantity of salt
in order to restore the initial salt content in #odution. The excess water content is then
removed from the concentrated solution via a slétéitrermal separation (e.g. Multiple
Effect Distillation, Membrane Distillation). Subaatly this excess water is added to the
diluted solution to eventually re-establish thegordl concentration of the dilute stream.

This scheme has been named “solvent extractiotegira



2) The quantity of salt transferred in the SGP aait be restored by separating the
same amount of salt from the dilute solution totaes the concentration of the
concentrated solution. This scheme has been nasadicektraction strategy”.

One of the main focuses of this PhD is the studthisf new idea of a “RED closed
loop”, carried out through modelling and experinamtctivities. The research activities
has inevitably been linked with the R&D of the EI2020 RED HtP research project,
however maintaining the possibility to propose rideas, e.g. the use of salt mixtures
instead of a single salt.

In particular, in this PhD thesis the performantparticular salts for the case of the
“salt extraction strategy” were studied. Among pussible regeneration procedures the
use of thermolytic salts in aqueous solutions apgpas the most promising. At ambient
temperatures, these salts are soluble in watetewhia given higher temperature, they
become gases that can be easily separated frormotieentrated solution through a
stripping process. A subsequent absorption praaessver temperatures is needed to let
the concentrated solution absorb the salt. Ammorticarbonate is considered as the
most suitable salt for this purpose as it can lgratked at very low temperatures (about
60°C) into NH and CQ. This salt was tested in a RED unit to assegittbormance in a
salinity-gradient power-generation device. A saaotregeneration test-rig, i.e. a stripping
column, was assembled in the lab to confirm thesibdiy to use heat at low temperature
to regenerate the solutions exiting from the RER. un parallel two simplified models
were developed, for the RED and the regeneratagestrespectively, fully validated with
experimental results. Finally, the two models wamegrated in order to perform
sensitivity analysis and calculate theoreticaloggficy values of the whole closed system.

Part of the activities were also dedicated to thavent extraction strategy”. These
activities were performed during two internshipdhre Netherlands at the laboratories of
Fujifilm Manufacturing Europe B.V., a company tipmbduces lon Exchange Membrane
for RED applications. New salts, mixtures of saltel combinations of solvent and salts
were exploited to analyse their performances inEDRsystem. The main membrane
properties were characterized with these artifis@line solutions. A RED simplified
model was also developed to predict the performanfca specific RED unit using

different salts in water.



Introduction

The above activities were carried out during thst fiwo years of the PhD Course,
while the last year has been fully dedicated tcettgy original technological approaches
for the recovery of minerals from natural wasteatns. Waste brines from traditional
saltworks may well be identified as the ideal seuir magnesium recovery [6,7]. In this
case, sodium chloride and other competitive sadtg.(calcium salts) are already
precipitated obtaining a waste-stream with an amofimagnesium thirty times higher
than seawater. This mineral can be recovered bgtiveacrystallization in which an
alkaline solution is mixed with the brine to produmagnesium hydroxide that is
practically not soluble in water. The performanddraditional (CSTR) and innovative
reactors (Multiple Feed — Plug Flow Reactor (MF-PPFR&d Crystallizer with lon
Exchange Membranes (CrIEM)) has been investigatethis final purpose.

The present thesis has been divided into two sectio describe the procedures and

the main results for the energy and mineral regofrem brine.

Section I: Energy conversion and storage from whst# to electricity

In particular,Chapter 1 presents an overview of the “RED closed loop sy&te
describing the state of art of technologies thaivedt heat into power and reporting the
process schemes, goals and strategy selectioriafehe RED HtP project.

Chapter 2 reports the theory of the RED technology and pracesito evaluate the
main properties of ion exchange membranes. Theopeaince of a RED unit with
thermolytic salt and other specific salts at défaroperative condition are presented and
discussed.

Chapter 3 describes the simplified RED model exploited tofgen sensitivity
analysis.

Chapter 4 presents the salt extraction strategy model impheed in a process
simulator and the main results obtained with thedst-rig. The experimental results were
used to validate the model and the relevant corspaiis shown.

Finally in Chapter 5 the integrated model, which results from the meggif the two
previously developed models for the RED and thesmegation sections, was used to
perform a sensitivity analysis with thermolytic tsalEfficiency values are presented at

different operative conditions.



Section Il: Magnesium recovery from waste brine

Chapter 6 describes the idea of an integrated cycle in withehwaste of a process
became a valuable raw material of another prodassh water, table salt, magnesium
hydroxide and energy can be obtained integratingenpoocesses all together. Market
information are also reported.

Chapter 7 is devoted to describe the state of art of the ousthused to recover
magnesium from brine, focusing the attention onwlaste brine from saltworks. The
results obtained with a MF-PFR reactor were shomehdiscussed.

Chapter 8 presents a new crystallizer which is based on #e af ion exchange
membranes (CrlIEM) in order to recover magnesiumrmfrgaste brines with low value
alkaline reactants, e.g. calcium hydroxide.

Finally Chapter 9 describes the methods for the modification of nesgmm
hydroxide crystals. Two experimental campaigns weeeformed in order to better
understand the growth stage in Mg(Glgactive precipitation. The future perspectives

were also reported.
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Heat-to-Power conversion via closed-loop revelseteodialysis

1 HEAT-TO-POWER CONVERSION VIA CLOSED-LOOP REVERSE
ELECTRODIALYSIS

Abstract

The continuous increase of global energy requirésneised the interest towards the
development of new technologies to recover wastg. HEhermodynamic cycles are
traditionally employed to convert heat into powet they can work normally with heat
sources at medium-high temperatures. The use stdlwop salinity gradient power
(SGP) technologies has been recently presentetiakla option to generate power using
low grade heat, by coupling a SGP unit with a thetyadriven regeneration process in a
closed loop. Atrtificial solutions with different Ism and solvents can be adopted for the
conversion of heat-into-power. Among these, thesadbloop Reverse ElectroDialysis
(RED) process presents a number of advantages asicthe direct production of
electricity, the extreme flexibility in operatingieditions and the recently-demonstrated
large potentials for industrial scale-up. This ssinto the concept of the “RED Heat to
Power (RED HtP) engine”, focused on the conversibrindustrial waste heat into
electrical energy and core idea of the EU-funde®REeat-to-Power project.

In this chapter, a literature overview of technadsgable to exploit waste heat at low-
medium temperature is presented. Strategies, pa@ctemes and final goals of the RED
HtP project are also reported, better highlightihg aspects which have been studied
within this PhD work.






Heat-to-Power conversion via closed-loop revelseteodialysis

1.1 RED HtP concept and potential

The need of renewable and sustainable energy iwiggoas an issue of crucial
importance for the sustainability of life on thertha Electricity is traditionally produced
by heat engines, through the conversion of hedtigit temperature into energy. The
conversion of heat into electricity can be donmatierate temperatures (around 120-500
°C) through Organic Rankine cycles [4,8] and Kaliyales [9]. However, there is still a
lack of feasible technologies able to operatewefdemperatures (<100 °C) heat, despite
the huge amount of low-grade waste heat availaloiddwide in this temperature range
(e.g. about 833 TWh between 50°C and 100 °C ontlgeriJSA [10]). A valuable solution
for the conversion of low-grade heat into availgidever is represented by heat engines
based on salinity gradient technologies [11,12fh&se systems a Salinity Gradient Power
(SGP) unit converts the chemical potential diffeeebetween two solutions at different
concentration into usable power [13].

Different SGP technologies have been proposed soAfmong these, Pressure
Retarded Osmosis (PRO) [14,15] and Reverse Eleatysis (RED) [16—-18] are the ones
which reached the highest technological readinmas.| Just as an example, a prototype
able to produce almost 1 kW has been recentlyliedtand efficiently operated in a real
saltworks in Sicily (Italy) for a few months withbany performance decrease [19,20].

PRO and RED perform the “controlled mixing” betwaha two solutions necessary
for the energy generation, taking advantage frofactige transport through suitable
membranes. In PRO, osmotic membranes are usectargae the passage of pure water
from the diluted solution (feed) channel towards¢bncentrated solution (draw) channel.
The concentrated solution channel is pressurizeal @essure equal to one-half of the
osmotic pressure difference between the two salstids a result, at the outlet of the
draw channel, an additional amount of water atappglied pressure (i.e. the water flux
through the membrane) is available. This quangfyresents a mechanical power which
can be exploited as it is or converted into elegigwer within a hydroturbine [21-23]. In
RED, the two solutions are fed in alternativelyaaged channels. One series is fed by the
concentrated solution whilst the other is fed lydiuted one. The channels are separated
by alternatively arranged anionic and cationic exxfe membranes. lons move from each
concentrated solution channel towards the two adjiediluted solution channels. Positive

ions pass through cationic exchange membranes gavione direction, negative ions

9



pass through anionic exchange membranes movirtgimpposite direction. Such ionic
flux is converted into an electron flux at the &ledes via redox reactions thus generating
electric current supplying an external load [24-2Tdilependently of the SGP technology
employed, once the two streams at different sglimitlve been partially mixed to generate
power, they can send to a “Regeneration unit” whiniploys heat to restore the initial
salinity gradient thus closing the loop. This clbémop has been named Salinity Gradient
Power Heat Engine (SGPHE) [12]. A simplified schémeeported in Figure 1.1:

COLD SINK

U

WASTE HEAT

Figure 1.1: Simplified scheme of the Salinity GeatiPower Heat Engine (SGPHE).

The aim of the RED Heat-to-Power (RED HtP) projediased on the idea previously
described. The project’s purpose is to develop adwanced technologies and apply it for
fully exploiting the potential of a Salinity Gradie Power Heat Engine to generate
electricity from low grade heat in the temperatumege of 40 to 100 °C (e.g. waste heat,
geothermal and solar thermal). In particular, tbacept is based on the generation of
electricity using a Reverse Electrodialysis devaseSGP unit in a closed-loop system,
where limited amounts of artificial saline solutioare used as working fluids. The
solutions exiting from the RED unit are then regated in order to restore the original
salinity gradient, by means of a suitable sepamngtimcess. Two different approaches can
be considered for such a purpose:

1. The concentrated solution exiting from the SGP imiixed with appropriate

volume of the diluted solution in order to resttite necessary quantity of salt

10
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transferred in the RED unit to the dilute streafme Excess water content is then
removed from the concentrated solution via a slététrermal separation (e.g.
Multiple Effect Distillation, Membrane Distillatign Subsequently this excess
water is added to the diluted solution to evenyua#l-establish the original
concentration of the dilute stream. This scheme Ib@sn named “solvent
extraction strategy” [12];

The amount of salt transferred in the SGP unitlmamestored moving it back
from the dilute solution to the concentrated soluti restoring the initial

concentration. This scheme has been named “saétatixin strategy” [12].

More details concerning the regeneration step &engn the next paragraphs.

The overall project objective is to prove this neamcept, developing the state-of-the-

art technologies necessary to achieve the final Jde main purposes are summarized

below:

select the best technologies for the regeneratiocess;

combine salts and solvents in order to maximisesyts¢em performance;
create new knowledge for developing advanced memalrdor the selected
solutions;

improve the stack design for high efficiency;

implement and validate a process simulation tochrialyse the performance
under different configurations and operating candk;

evaluate and improve the performance of the oveyallem (system efficiencies

reaching 15% and power densities of 25 Wardncell pair).

1.2 Waste heat availability

In 2014, according to the International Energy Agemlobal CQ emissions reached
32.4 Gt CQ, an increase of 0.8% over 2013 levels [28]. Indheent trend of reducing

the CQ emissions, Industrial Waste Heat (IWH) is a pagnenergy source. The

industrial sector is one of the top-three energpsoming sectors worldwide [29].

Therefore, the amount of IWH is expected to be irtgrt. This heat can be recovered and

reused in other processes on site (to preheat ingomwater or combustion air, preheating

furnace loads, etc.), or transformed into eledirjaiold or other types of heat. If this waste

11



heat is captured and used, rather than being szldasthe atmosphere, G@missions
will be drastically reduced. In fact, the Intergowmental Panel on Climate Change
(IPCC) finds IWH recovery as one of the tools f@-Cnitigation [3]. The identification
and use of IWH is not an easy task despite prodirckdge quantity [3]. An estimation
of the yearly produced industrial waste heat issshim Figure 1.2:
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Figure 1.2: Yearly Industrial Waste Heat potenti@ridwide (in PJ). More than one potential is

reported if more than one is found in literaturk [3

The total amount of IWH reported in figure 1.2 doesinclude the amount produced
by China. This very fast growing country is thegkest energy user and gemitter in the
world. Industrial waste heat in China accountslfo+50% of total fuel consumption in
various industrial sectors. As an example, in 20de were about 29 million tonnes of
coal equivalent (Mtce), i.e. 850 PJ waste heatriateonly in the Chinese ammonia
industry, that is equivalent to the IWH of Franoel &ermany [30].

Comparing the industrial waste heat potential with energy consumed by each

country (Figure 1.3), it can be seen that an ingranpart of energy is lost as waste. If part
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of this energy is recovered, in the perspectiveiaular economy, the industrial sector

can become more energy efficient.
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10000 - r 1000000
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Figure 1.3: Industrial Waste Heat potential (in B3)l Energy Consumed by the Country (in PJ).
More than one potential is reported if more thaa @rfound in literature [3].

The level of temperature is one of the most impartaiteria to judge if the process
produces valuable waste heat to be converted i@ ausseful forms of energy or not.
There are different technologies available for Highi > 400 °C) and medium (MT 100—
400 °C) temperature with satisfying energetic éfficy, whilst only few technologies
have been proposed for low temperature (LT <10Q $€) at a very early stage of
development.

A more detailed picture of possible waste heatsgairs given in Table 1.1 [2]. Here

exhaust gas temperatures are reported for diffemetesses from 30 to over 1600 °C.
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Table 1.1: Exhaust gas temperatures of differemtgmses. Adapted from [2].

Temp range Process Exhaust gas temp (°C)
HT Iron- and steelmaking 1450-1550
HT Nickel refining furnace 1370-1650
HT Steel electric arc furnace 1370-1650
HT Glass melting furnace 1300-1540
HT Basic oxygen furnace 1200
HT Aluminium reverberatory furnace 1100-1200
HT Steel heating furnace 930-1040
HT Copper reverberatory furnace 900-1090
HT Glass oven without regenerator 900-1300
HT Iron cupola 820-980
HT Cooper refining furnace 760-820
HT Reheating furnace without regenerator 700-1200
HT Hydrogen plants 650-980
HT Fume incinerators 650-1430
HT Coke oven 650-1000
HT Glass oven with regenerator 600-800
HT Cement kiln 450-620
HT Heat treating furnace 430-650
HT, MT Melting oven 400-700
HT, MT Gas turbine exhaust 370-540
HT, MT Reciprocating engine exhaust 320-590
HT, MT Reheating furnace with regenerator 300-600
MT Blast furnace stoves 250-300
HT, MT Drying and baking ovens 230-590
HT, MT Steam boiler exhaust 230-480
HT, MT Finishing soaking pit reheat furnace 200-600
MT Steam boiler 200-300
MT Coke oven 190
MT Stack gas 160-200
MT Container glass melting 140-160
MT Flat glass melting 160-200
HT, MT Ceramic kiln 150-1000
LT, MT Drying, baking, and curing ovens 90-230
LT, MT Cooling water from annealing furnaces 70-230
LT, MT Cooling water from internal combustion enggn 70-120
LT, MT Exhaust gases exiting recovery devices is-fijed 70-230
boilers, ethylene furnaces, etc
LT, MT Conventional hot water boiler Process 60-230
LT Process steam condensate 50-90
LT Condensing hot water boiler 40-50
LT, MT Hot processed liquids/solids 40-230
LT Cooling water from air conditioning and 30-40
refrigeration condensers
LT Cooling water from air compressors 30-50
LT Cooling water from furnace doors 30-50

When the waste heat is at high temperature, i$gee to exploit it in the production
process itself, applying the concept of “thermaozaling” (i.e. the use of thermal energy
for different applications, according to the regditemperature range, e.g. preheating
streams or as an internal utility).

Up to now there are not technologies that can éixflle exergy in an efficient way

when the temperature is low. In this specific ceptthe PhD work would contribute to
14
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develop new knowledge and technologies to usewWhs &t low temperature, converting

waste heat into electrical power by means of a RevElectrodialysis system.

1.3 Alternative heat engines for waste heat conversion

According toBriickner et al. [2], technologies to use waste heat frodustry can be
categorized as passive or active technologiesivigageghnologies use the heat directly at
the same or at lower temperature level. In actohnologies the heat is transformed to

another form of energy or to a higher temperatea (Figure 1.4).

P il
Waste heat recovery
technologies

Active Passive
\r/ N
/l\ .~ N\
Waste heat to heat Waste heat to cold Waste heat to Heateichansers
(WHTH)* (WHTC)* power (WHTP) 8
N NS N
I N
Mechanical vapour Sorotion chiller Steam Rankine Thermal Energy
compressor (MVC) P Cycle Storage (TES)
N N N— N
Sorption heat Organic Rankine
pump Cycle
AN N
L~ N\
Kalina Cycle
N

Figure 1.4: Classification of waste heat recovephtologies [2].

Heat exchangers and thermal energy storage deareethe two dominant passive
technologies. These technologies can be used dgclivg or reusing waste heat within
an industry to heat or preheat other processeptiSorsystems, mechanically driven heat
pumps and organic Rankine cycles (ORC) are aatidlenologies. Active applications of
waste heat are categorized into three types. WHest¢ to Heat (WHTH) provides heat.
Waste Heat to Cold (WHTC) provides cold and WastatHo Power (WHTP) provides

electricity. Among the active technologies, WHTHdawHTC are considered heat
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transformation technologies as they modify the tintemperature upgrading or
downgrading it [2].

A key to better understand the Waste Heat to Pqwecesses is to compare the
different technologies, based on the main figufeserit which are extremely relevant to
the performance analysis of processes themselves.

The energetic efficiency of each heat engine cagxpeessed as:

n=g- (1.1)

whereW s the power produced by heat engine unit, wlilgis the thermal power of the
waste heat. The thermodynamic limit of the cyclerggtic efficiency is represented by

the Carnot efficiency:

N, = 1-— Teold (12)

Thot

whereThy iS the heat source temperature, whilgs is the temperature of the sink where
residual heat is discharged [31].

Assuming a fixed ambient temperature of 292K asld sink for the process {id =
292K), the Carnot efficiency becomes a functionhef hot source temperature only and
it is relatively low ¢ ~10-20%) using low temperature waste heat (€323-373K). The
actual energy efficiency of the heat engine will ibevitably lower than the Carnot
efficiency. As a consequence, most technologies #ra industrially adopted for
recovering medium/high temperature ranges areuiiatisde in the low temperature range,
where higher efficiency may be required to makerée®very economically feasible [32].

Another useful parameter often adopted for evaitgathe cycle efficiency is the
exergetic efficiency. Exergy expresses the maximtmeoretical amount of work
achievable when a heat flow is converted into polelan engine operating with any
thermodynamic cycle. Looking at the numerical vadfiexergetic efficiency, for the case
of a cycle for power production only, it would cespond simply to the ratio between the

efficiency of the given power cycle and the effiaig of the Carnot cycle:
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Nex = — (1.3)

For a comparison among different heat enginesestienation of exergetic efficiency
is the most appropriate.

The first technologies ever proposed to convert imta power were thermodynamic
cycles (i.e., systems that involve the use of heatreate mechanical energy to drive a
turbine), but there are also more innovative tetdgies proposed and tested for the use

of low-temperature heat [31].

1.3.1 Conventional cycles

Among thermodynamic cycles, the traditional Ranldgele is still the most suitable
process for recovery of exhaust streams with redbtihigh temperatures (300-550°C).
In a Rankine cycle, heat is firstly converted imechanical work, and ultimately into
electricity using a turbine. The thermodynamic eycbnsists of the following steps: 1)
heat is used to generate steam in a boiler. 25l is fed to a turbine for the generation
of electricity. 3) The exhaust steam from the tnehis recovered in a vacuum condenser.
4) Finally, the condensed water is pumped to eteitaipressure and fed to the boiler [32].

Depending on the nature of the working fluid, vasdhermodynamic cycle can be
identified, such as the steam Rankine cycle, omBRankine cycle, supercritical Rankine

cycle, Kalina cycle, Goswami cycle and trilatedakh cycle [33].

Steam Rankine Cycle (SRChis thermodynamic cycle is the first method prsgub
and used to recovery waste heat. The working ffaidthe conversion of heat into
mechanical work is water, this makes a minimum vedlble temperature foBRC
application. Normally, the SRC systems are not sstbpvhen the temperature of the waste
heat source is below 340-370°C because, if theggnisrnot enough to superheat the
steam, a water condensation can cause an erosithe ofirbine blades. For the reason
expressed abov§RCis largely adopted in the industry for recoverhmg gases in the
medium-temperature range (370-550°C). It is alg@ieg in combined heat and power
(CHP) systems at high temperature range (>650°C), wiher&ankine cycle is directly

fuelled by oil or coal. Energetic efficiencies ®RCare around 35% [33].
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Organic Rankine cycle (ORCJhis cycle applies the principle of the steam Raak
cycle, but uses organic working fluids with low leg points. The cycle is configured
with an expansion turbine, a condenser, a pumpijlarkand a superheater, provided that
superheating is needed. Different pure workingducan be used in organic Rankine
cycles, such as HCFC123 (CHCFs), PF5050 (CKCR)sCFs), HFC-245fa
(CH3CH:CHF,), HFC-245ca (CFCHFCHF), isobutene ((CE2.C=CH,), n-pentane and
aromatic hydrocarbons. Fluid mixtures were alsgppsed for organic Rankine cycles
[33]. The organic working fluids have many diffeteharacteristics and advantages from
water; e.g. the turbine built faDRC typically requires only a single-stage expander,
resulting in a simpler, more economical systemeims of capital costs and maintenance
[34].

The use of organic fluids is especially suitable fmv- and medium-grade heat
conversion (from 100°C to 300°C), thanks to the@ipeur—liquid characteristics. Typical

energetic efficiencies range are between 5% and[B3%

Supercritical Rankine cycl&Vorking fluids with relatively low critical tempatures
and pressures can be compressed directly to thpérsritical pressures and heated to
their supercritical state before expansion so asbtain a better thermal match with the
heat source. The heating process of a supercriRigakine cycle does not pass through a
distinct two-phase region like a conventional oigdatankine cycle, resulting in a better
thermal match in the boiler with less irreversiili

As a working fluid for supercritical Rankine cyclearbon dioxide has desirable
qualities such as moderate critical point, stahiliittle environmental impact and low
cost. However, the low critical temperature of cartdioxide, 31.1 8°C, might be a
disadvantage for the condensation process. Orgfuiids like isobutene, propane,
propylene, difluoromethane have also been suggéstedpercritical Rankine cycle [33].

Chen et al. [35] made a comparative study of cachoxide supercritical power cycle
and compared it with an organic Rankine cycle uslifhg3 as the working fluid in a waste
heat recovery application. Their work shows th&@ supercritical power cycle has a
higher system efficiency than &RCwhen taking into account the heat transfer belravio
between the heat source and the working fluid. C8g cycle shows no pinch limitation

in the heat exchanger.
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Kalina cycle (KC).In various novel thermodynamic cycles, the Kaloyale is the
most significant improvement in thermal power plaetsign since the advent of the
Rankine cycle in the mid-1800s and it has beenidernsd as an ambitious competitor
against the Organic Rankine Cycle [36]. This vésiabf the Rankine cycle is based on
the use of an ammonia—water mixture as workinglflihe use of a binary mixture, whose
evaporation does not occur at a constant temperhturat increasing temperature, allows
the efficiency to increase by 15-25% with resped@RCat the same temperature level
[31].

Goswami cyclen the early 1990s, Goswami [37,38] proposed a ¢oetbpower and
cooling cycle now known as the Goswami cycle. Tyaecas originally proposed employs
ammonia water mixture as a working fluid and pragupower and refrigeration, while
power is the primary goal. It was later extendedtt@r working fluid pairs also the cycle
is a combination of an absorption refrigerationteys and a Rankine cycle. Using
ammonia-water mixtures, this cycle can be usedadtaming cycle for waste heat from
a conventional power cycle or as an independer¢ exging low temperature sources such
as geothermal, solar energy or waste heat. Irctnshined power and cooling cycle, low
temperature heat (60-100 °C) is used [39].

Trilateral flash cycle (TLC)In this cycle, the liquid is heated up at constaessure
to its boiling point and then performs a flash engian through an expander during which
it delivers power. If the end point of the expansi®in the wet vapour region the process
is represented in the temperature vs entropy (liagjram approximately by a triangle and
hence this cycle is called trilateral cycle. Duethie heat transfer without pinch point
limitation, there is thermal matching between tamperature profiles of the heat source
and the working fluid. TLC system is 14-85% mor&c&nt over ORC [40].

Stirling engine (SE)This external combustion engine may well useréetsaof heat
sources such as solar, geothermal, or waste he#. However adopted when the
temperature of the heat source is in the range 203C (i.e., low-temperature SE) up to
900°C (i.e., high temperature SE) [31].
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1.3.2 Innovative devices for direct electrical conversion

New technologies have been recently developed,dbasehe direct conversion of
thermal energy into electricity. Some of them maypbomising options to recover waste
heat in small-scale applications, however thedeni@ogies are currently affected by very
low efficiency and high capital costs. Thereforeittapplication for recovering industrial

waste heat has not been proven yet.

Thermoelectric generation (TEG)his technology is based on the property of
semiconductors able to convert a temperature difieg into electric potential (Seebeck
effect). These devices are very simple and comgrattthey are currently used to convert
heat directly into electricity [41]. According ttsiworking principle, a TEG device neither
requires moving parts nor consumes liquid or gadiamemplying favourable qualities
such as high reliability and eco-friendliness. Tiesearch of thermoelectricity has
attracted great interest from both scientific amlistrial communities but the technology
is still affected by rather low efficiency. Theieféncy reported by Little et al. [4] for such

devices is 2-3% when the temperature of wastedwmate is 60-120°C respectively.

Piezoelectric power generatiowith waste heat-powered expansion/compression
cycle (PEPG).A piezoelectric thin-film membrane is used to teealectricity from
mechanical vibrations from a gas expansion/commressy/cle fed by waste heat (150—
200°C). It is practically based on an innovativey{stage, simple conversion mechanism.
First, a constant heat source supplies a pasgite;oscillating mechanism through an
evaporator generating mechanical energy via alaapiube. This mechanical energy is
then converted into electricity using a piezoelectnembrane component during the
second step of the conversion. [42]. There aré stibng technological challenges,
nonetheless, compared to Seebeck-effect generdtossjnnovative approach is not
limited by material properties and significant eregring improvements can be achieved.

Energetic efficiencies of about 1% are reporteth@literature [31].

Carbon carrier Cycle (CC)This technology was recently patented by Karthaese
al. [43]. It is a modification of the consolidaté&tankine cycle, instead of using a

condenser, this technology consists of a,@Bemical absorption process to create
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pressure reduction downstream of the turbine. Thieoas of the patent claim to achieve
efficiencies up to the ideal Carnot efficiency,ugh no applications have been reported
to date. Waste heat at temperature of 150°C célndoeetically exploited for such energy

conversion device [32].

Organic Rankine cycle or Kalina cycle are technms@lready well tested for many
years and they are currently used to convent weesteinto electricity. These technologies
can work with acceptable efficiency until a tempera of 100 °C, as already expressed
before. Up to now, there isn’'t a technology ablexploit waste heat at temperature below
100°C. The aim of the RED Heat to Power projed¢biadapt a Reverse Electrodialysis
system to generate electricity operating in a ddsep, with the regeneration the working

fluids by means of waste heat.

1.4 The RED-HtP project

In the last decade, Reverse Electrodialysis teciygyahas been widely addressed as a
viable technology for the conversion of salinitadient energy into electricity. Up to now,
RED technology has been essentially focused ongheof natural streams, such as river
water, seawater or brine [44—60]. This allows t@lei an extremely high potential
especially in coastal regions, where large amoof$sich streams are available.

On the other hand, the utilization of natural dafingradients presents some
remarkable disadvantages:

* need for energy intensive pre-treatment processpsetvent fouling/biofouling
phenomena,;

e geographic constraints for plant location (i.e.ilmmlity of both diluted and
concentrated streams in the same area);

» large flow rates of streams required.

These disadvantages may be overcome in a RED ttlosgp” (RED-CL) process,
i.e. a stand-alone system where artificial soligioray be used as working fluids for the
RED process. The exhausted streams can be afterwagenerated through a proper
separation process, and eventually recycle batiet®RED unit.

The use of such RED-CL system presents anothebleoleenefit: the possibility to

use artificial solutions instead of natural streamsults in a large number of possible
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combinations for the salt and solvent to be seteict®rder to enhance the overall process
performance. For instance, very highly solublessakin be used, allowing to reach
considerably high driving force for RED process.

The aim of the RED Heat-to-Power project, as praslpexplained, is to develop new
knowledge and exploit the potential of this inndwatconcept: the generation of
electricity from low grade heat in the temperattarge from 40 to 100 °C (e.g. waste
heat, geothermal and solar thermal) by means afinity Gradient Heat Engine (SGHE).
A simplified scheme of the RED Heat-to-Power pracissshown in Figure 1.5 and it is
defined by two main steps: i) a power generatiagetwhere saline solutions are used to
generate electric current) and ii) a regeneratiages(where the concentration difference
is restored). As the name of the project suggé®tsunit to convert salinity gradient into
electricity is a Reverse Electrodialysis systemlsthdifferent units can be used for the

regenerative system.

COLD SINK

U

WASTE HEAT

Figure 1.5: Simplified scheme of the RED heat-tevpoproject concept.

In a RED closed loop unit, limited amounts of &t#l saline solutions are used as
working fluids to generate electric current. Whemotsalt solutions at different
concentration are fed into the stack, i.e. a desirgaining membranes and spacers piled
between two electrodes, the salinity gradient fertlee ions to move through the
membranes (Figure 1.6). This ionic flux is regudlat®y ions mobility and membrane
permselectivity, i.e. the selectivity towards catemion transport through lon Exchange

Membranes, which generate a net ionic current tittahe stack. The ionic flux is then
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converted into an electron current by means ofxxedactions at the electrodes, positioned

at the two ends of the stack.
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Reverse Electrodialysis

Figure 1.6: Reverse electrodialysis simplified suhe

The solutions exiting from the RED unit are thegengerated in order to restore the
original salinity gradient, by means of a separatitep, which uses low-temperature heat
as its energy source. The regenerated solutiondeatored at very low costs and the
stack can react within seconds, providing highifigity to the power system.

The RED Heat-to-Power concept possesses an intrffesiibility, opening many
possible alternatives in terms of the salts, tHeesids and the associated regeneration
technologies that can be used. Each option hasreiff advantages and disadvantages in
terms of performance of the components and theathsstem as well as in terms of cost,

safety and environmental considerations.
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The strategies for the regeneration, analyzed asdribed in more details in the next
paragraphs, are divided in two categories deperalinthe operative temperature range:
60°C — 100 °C and 40°C - 60°C.

1.4.1 Possible system configurations: heat sources fron@8C to 100°C

The first class of processes, operating with heatces between 60°C and 100°C is
based on the solvent extraction concept outline&igure 1.7. The two solutions are
regenerated by partial evaporation of the solvemhfthe concentrate stream (F2) exiting
the RED unit. In order to rebalance the salt transfithin the RED unit from the
concentrate solution to the dilute one, a preliminaixing of stream F1 into F2 is
performed, which restores the original amount diteoin the concentrate loop. The
stream F2 is then processed in the regeneratidnresulting into two exiting streams,
i.e. a solute rich stream (the regenerated “comatmstream”, F5 ordy) and a “virtually”
solute free stream (F4), which is mixed with theatn F3 resulting in the regenerated

“dilute stream”, Gin.

ELECTRIC
POWER
A

regenerated concentrate |

I
|LOW-GRADE
Fc,in Fc,out Fz <—L HEAT
) COLD SINK

F, | SOLVENT |
EXTRACTIONI

RED F1
Fd,in Fd,out F3

|
regenerated diluate :

Figure 1.7: Conceptual scheme of the process witlest extraction regeneration.

The main option considered for the regeneratiohinrthe solvent extraction concept
(temperature range 60°C - 100°C) is the Multiplée&f Distillation (MED) technology.
The main issue is the maximisation of its efficien@he system can operate at
temperatures higher than the 70°C limit adopteskBwater desalination, since it does not

have to deal with scarcely-soluble salts that agegnt in seawater and precipitate at these
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temperatures. The option to externally enhancestteggetic efficiency through vapour
regeneration by adsorption/desorption cycles is etsisidered.

The second technology for the solvent extractioncept is Membrane Distillation
(MD). This is an emerging technology and theresgitedifferent approaches. In the RED
Heat-to-Power project, two available alternativies, spiral-wound or vacuum multi-
effect (V-MEMD) configurations, are analysed toesswhich one is the most suitable.
One of the main advantages of MD compared to MEadlexibility to be easily scaled

down, making MD suitable for smaller applications.

Solvent

The main solvent considered for all cases is wé&ae idea that has been explored for
the solvent extraction is to add organic solveatthe water. This could enhance: i) the
performance of the evaporative process by redutiagzaporisation enthalpy or ii) the
formation of azeotropic mixtures with the aqueanisitions, resulting in a decrease of the

process operating temperature.
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Figure 1.8: Conceptual scheme of the solvent etibragvith organic solvents

A non-aqueous solvent is added to the dilute l@opetuce the heat required for the
separation and the temperature at which heat neusifiplied. The solvent will be initially
added in the dilute loop as shown in Figure 1.8 €kaporative separation stage will
separate a solvent-rich stream to be mixed wittditute exiting from the RED unit, thus

regenerating the feed dilute stream. Dependindeslselectivity and separation process
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efficiency, some of the solvent may circulate dlsdhe concentrate loop, but process
simulation can be used to define compositions tleady-state operation. The motivation
to add different solvents comes from the possitdeeiase of the regeneration efficiency.
The expected performance of the RED system witBethemlvents is also a matter of
investigation in the EU project, to assess theilifgtof this approach from an overall

point of view.

Salts

When the solvent extraction process is adopted|tahas to be selected for forming
the artificial solution. The starting point is NaGInce this is the most abundant salt in
seawater and both RED and the evaporation techiesl&gve been designed to operate
with that salt. However, since there is freedonsetect any salt, different combination
can be tested to optimize the overall performapoeguctivity and competitiveness.

For that purpose, tables were prepared in ordésttthe relevant characteristics of
salts, such as solubility, activity coefficientslaolutions conductivity when dissolved in
the agueous medium. A preliminary theoretical assest provides indications on salts
that could significantly increase the performant¢he RED system, even if the IEMs
would have to be adapted for optimal performandé thiese salts.

In the SGPHE, the RED performance is a crucialofabtit this work takes also into
account the effect that the new salts would havéherevaporative regeneration process
because of the variations they cause on the (dnBdemperature (BPE), (b) Latent heat,
(c) Equilibrium conditions (activity coefficientand (d) Transport properties (density and
viscosity). The aim is to choose the salt(s) thaximise the overall efficiency,

performance and competitiveness.

1.4.2 Possible system configurations: heat sources fron®4C to 60°C
Forward Osmosis regeneration
When the heat sources are between 40°C and 6Qj€heration can still be based on
the “solvent extraction” (Figure 1.7) concept bydag) a second loop connected to the
RED loop by means of a Forward Osmosis (FO) ungt.ilustrated in Figure 1.9, the
aqueous solvent will be extracted in a Forward Gasnanit using a temperature-sensitive

drawing agent. The extracted water and drawing tagélh then be separated by a
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separation step powered by very-low temperaturé. Aidas will generate two streams:
the water-rich stream to be recycled in the dilote and the fresh draw agent to be re-

used in the FO unit.

ELECTRIC
PO/VER DRAW AGENT
REGENERATION
I —— L
FORWARD : ' VERY LOW
OSMOSIS (FO) | | | GRADE HEAT
T ;;_>COLD SINK
: |
RED o -

Figure 1.9: Regeneration by a second loop with BodvDsmosis solvent extraction

The use of the FO loop allows freedom for the s&lacof salts in the RED loop,
which can be promising as described in the nextsedegarding the drawing agents to
be used in the Forward Osmosis loop there are akwgtions with a “switching
behaviour” in the temperature range of 40-60°C itared, such as:

1) temperature sensitive hydrogels, capable of rh@sgpdesorbing very large
quantities of water following heating/cooling cygle

2) temperature-switchable solubility solutes, $alts, which can change their polarity
within carbonation/de-carbonation and heating/captiycles (e.g. alkyl-amine salts);

3) temperature-switchable solvents, which can caahgir water miscibility within
carbonation/de-carbonation and heating/cooling esycltheir behaviour could be
assimilated to the T-switchable salts, being thé aifference that the solvents are

normally present in the liquid phase).
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Solute extraction
An alternative to the solvent extraction stratefyigure 1.7 is the solute extraction
concept shown in Figure 1.10 where thermo-sensitprioperties are used to separate the

salt from the dilute solution exiting the RED unit.
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Figure 1.10: Conceptual scheme of the processsaithite extraction regeneration

Excess salt in the dilute stream exiting from tHeDRunit (F2) is extracted by a salt
extraction based on the variation of salt solupi{dr salt degradation) when increasing
the temperature above 40-50°C. Moreover, in ordeetbalance the amount of solvent
that has passed due to osmotic flux through theslEdby-pass stream (F1) from the
concentrate loop is mixed with the streamJbefore entering the salt extraction unit.
The separation stage will result in two exitingeains, a solvent rich stream (F3) and a
solute stream (F4) which can be used to regentrateriginal composition in the dilute
and concentrate feed solutions respectively.

Within the salt extraction concept previously déssa, two types of salts with suitable
characteristics can be considered. Switchable-gitjulsalts and thermolytic salts.
Switchable-solubility salts can change their p&yaand therefore their solubility in
aqueous solutions within carbonation/de-carbonatenmd heating/cooling cycles.
Thermolytic salts undergo a degradation processhwphroduces gaseous species when
the temperature is increased over a certain Itit;HCO; (ammonium bicarbonate) for
example is converted into G@nd NH, developing a gas phase easy to separate from the

liquid solution when temperature exceeds a criticdlie (40°C to 60°C, depending on
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unit pressure). In both cases the salts are sdlbeteause of their specific characteristics
that make them suitable for regeneration with éaery low temperatures.

In this PhD work, both strategies were taken irdooant, trying to select good salts
and solvents to improve the power generation. Hewethe salt extraction salt with
thermolytic salt was widely investigated, considgriboth power generation and

regeneration stage, by means of experimental testredelling tools.

1.4.3 Consortium structure and main goals

The primary objective of the RED HtP is to proveew revolutionary concept and
developing the necessary materials and componauitslso to bring such a technology
to the level of a lab prototype capable of genegaglectricity from low-grade heat, at
higher efficiencies and lower costs than ever acde

Several issues have to be solved during the prgjedbd time (2015-2019) and
challenging goals have to be achieved. In ordeteteelop this new technology, the role
of the project consortium is fundamental. The prb@nsortium is constituted by seven
partners from universities, research centers aghdstnies from five countries in Europe,
with extensive and complementary expertise. Thinpes are following listed:

1. Wirtschaft und Infrastruktur GmbH & Co Planungs-K®WIP), coordinator -

Germany;
Universita degli Studi di Palermo (UNIPA) — ltaly;
Fujifilm Manufacturing Europe B.V. (FUJI) — The Netlands;
REDstack B.V. (REDstack) — The Netherlands;
Centro de Investigaciones Energéticas, Medioamiliemty Tecnoldgicas
(CIEMAT) — Spain;
6. University of Edinburgh (UEDIN) — UK;
7. Universitat Politecnica de Catalunya (UPC) — Spain.

A S

Each partner is involved based on the particulpedise in its specific sector. Two
companies are expert in the RED systems manufagturi particular, Fuji is a membrane
producer in the main field of ion exchange membsanehilst REDstack is a small
company that assembles RED units with differentugtoies. CIEMAT and UEDIN are
mainly involved in the regenerative stage and theyfocused in the solvent extraction

strategy. UPC studies the transport phenomenanaf lorough reverse electrodialysis
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membranes, essential aspect for the performanceoiement of this technology.
Universita degli Studi di Palermo is mainly involvin the CFD modelling, the study of
regeneration systems and the performance analfsiew salts and solvents. All the
partners are coordinated by WIP, an organizatich established experience in the EU
projects coordination.

The RED-HtP project aims to boost the developmeatiumber of key technological
research areas, given the highly interdisciplinaayure of research activities planned.
Among the highly-interconnected R&D activities, soof these are here highlighted for

their high-impact innovation potential:

Use of artificial ionic solutions:Starting from fundamental studies, a number of
different salts solutions with potential to increafie RED power density have been
analysed (e.g. LiBr, KN& KCHs;COO, NHHCOs). The RED process was tested for the
first time with artificial feed streams and it ispected to deliver important performance

enhancements with respect to the case of convetidarCl aqueous solutions.

Use of organic solventsAside from water and common salts, the use of icga
solvents were investigated (like Methanol, Ethakaletonitrile). This was expected to
deliver a significant performance enhancement dutie regeneration stage, allowing the
operation with lower heat source temperature aghdriefficiency. Organic solvents are

used for the first time in RED, giving the oppoiityrio generate new knowledge.

Development of new membranes for artificial solsidMost of the lon Exchange
Membranes (IEMs) currently available on the masgtetpurposely designed for aqueous
sodium chloride solutions. The use of different/salvent, including the use of azeotropic
water/organic mixtures, will require adaptationsl arew materials for the membrane
compositions that maintain low electrical resiseaaad high permselectivity also for the

conditions of RED Closed Loop applications.

Development of improved membran&sie work is focused on the development of
thinner and profiled membranes. Thinner membranifave lower resistance, resulting
in increased power densities. Profiled membrandsimprove the overall system fluid

dynamic and energy generation performance, allowipgration without spacers and
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eliminate a major cost element [61]. Also the tpors properties are investigating to
better understand and improve the relationship &éetmwthe membrane structure and its
transport properties [62,63]. These developmentddvallow increasing power densities
and reducing costs, thus contributing to a techgiodd breakthrough in the field of

salinity gradient power and other processes usiog smiembranes (e.g. desalination).

Development of integrated set of non-stationargtedehemical measurements with
novel IEMs: To better understand and exploit the mechanismsetéctive trans-
membrane ion transfer one needs to separate infieman the ion partitioning and
diffusivities, which can be provided only by nomt#bnary methods. The most common
non-stationary electrochemical characterizatiorhnégue is Impedance Spectroscopy.
Complementary techniques of current switch-off aodcentration step (developed by
UPC) provide useful additional information and mékeinterpretation more reliable. For
extensive comparative studies of various membranediable standardized methodology
is needed. A novel integrated set of standardizedi rapid non-stationary electrical
measurements and an advanced interpretation mogleleaeloped. These are used for
studies of tailor-made IEMs properties in a broatge of inorganic and organic

electrolyte solutions.

Improved stack desigithe RED stack design used for the current apicatwill be
revised to be adapted for the closed loop conditidime best geometrical configuration
(in terms of width/length ratio, channel thicknessl geometry of profiled membranes,
feed streams distribution systems and parasiticentirinhibitors, etc.) are identified
thanks to focused laboratory investigation and fatmns predictions. Moreover new
design for distribution manifolds and membraneldtagwill aim at reducing ionic short

cut current losses, to further enhance the prgmegermances and scaling-up potentials.

Selection of new redox processes and electrodearfificial solutions: New redox
processes, suitable for operating with non-coneeali solutions and current densities
much higher than typical ones, are studied. Theare aims at identifying the best redox
couple, electrodes and electrolytes, but it wiloainvestigate the possibility of adopting

capacitive electrodes, which are very promising].[5Bhe advantage of capacitive
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electrodes is that no redox couple is requiredthatigas evolution and other unwanted
products from electrode reactions can be preventdith represent a significant and

practical advantage.

Regenerative processes:

(1) Low-temperature range (i.e. 60-100°C). the afmsolvent extraction by improved

MED and MD processes is to increase energy perfocesmthanks to the coupling with

adsorption/desorption cycles for vapour regenenatimorder to halve the current energy
consumptions. Moreover the use of non-aqueous stE\a selected azeotropic mixtures
can contribute to further enhance the thermaliefficy of the separation.

(2) Very low-temperature range (i.e. 40-60°C). ®altraction by the use of thermolytic

salts allows to explore a new concept of regermnatirategy at such low temperature
ranges. On the other side, solvent extraction tjindweat-powered Forward Osmosis with
temperature sensitive drawing agents aims at deliyeenhanced performances to the
RED-HtP system. Therefore it will be of large impatso for the desalination industry,

where this innovative separation technology powebgdthermal energy could be

successfully applied for the production of freshavafrom non-conventional water

resources.

Integrated systemthe RED HtP technology is expected to achieve rsupenergy
performance with respect to all other state-ofdhecompeting technologies.
The main project targets are reported in the Tat#e As can be noted, the performance
targets are challenging, expecially on the energatd exergetic point of view. In order
to achieve these targets, both stages (RED systdmmegeneration) have to be developed

and improved with a deep collaboration of all tlaetpers.
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Table 1.2: Performance targets for the RED HtPgatagt month 28 and month 45

RED technology Regeneration technologieq Integra;flgteRnliD HwP
IEMs IEMs Maximum Heat Heat Exergetic | Energetic
perm- areal Power | reduirements requirementyl efficiency? | efficiency?
selectivity | resistance| Density fg;tfgcl:\tlieo?f e)f(c:rr aSC?ilé n
&
s above Below 15 Win? o Range:
£ 70% | 150.cn? | cellpair | 40 KWhn? | 200 ky/mol 40% 4.8%
=
©
< above Below 25 Win? o Range:
g B50% Lorent | cellpair | 25KWhin? | 100 kymol 75% 8150
=

1 IEMs targets refer to the novel membranes deeeldpr non-NaCl artificial solutions. For NaCl-apised membranes the
targets are: 90% permselectivity and < Q:&n? areal resistance using saturated NaCl brines.

2 Exergetic efficiency targets are fixed, whichulesn a range of actual energetic efficiencieseteping on the adopted heat

source temperature (in this table considering &imge 60-100°C) and, thus, maximum Carnot efficiamssd as a reference.
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2 THEORETICAL AND EXPERIMENTAL INVESTIGATION FOR
SALTS/SOLVENT SELECTION IN RED HEAT ENGINES

Abstract

Salinity gradients are available from natural waitsich as seawater and river water
or they can be artificially generated by mixingvaoits and solutes in order to use them
within closed-loop applications. In this latter easvhen the salinity gradient is adopted
to operate a RED unit, the deployed gradient ofsthiations exiting the RED generation
stage can be regenerated in a thermally-driven usiitg low-temperature heat. The
regeneration of salinity gradient can be obtaihedugh two different strategies: i) solvent
extraction and (ii) salt extraction. In the firstey the concentrate solution exiting from the
SGP unit is first mixed with a certain amount oftiewy dilute solution, thus recovering
the initial salt content. The excess water in th&aimed stream can be separated via a
suitable thermal separation process, and can b#ually integrated in the dilute in order
to restore the water balance in the two loopshénsalt-extraction strategy, the amount of
salt transferred in the SGP unit can be restoreithéynally separating the same amount
of salt from the dilute solution and integrate ithin the concentrate one.

In this chapter, both strategies were consideredrder to analyse how the selection
of solutions can influence the RED power productidifferent salts and salts mixtures
were studied by means of laboratory investigatamied out also at the Tilburg Research
Laboratories of FUJIFILM Manufacturing Europe B.X.wide experimental campaign
was carried out using ammonium hydrogen carboaatesrmolytic salt that degrades into
gas species (i.e. ammonia and carbon dioxide) Wwhated at temperature above 40-50°C.
This was selected as the best option for the saélaetion strategy and has been more

carefully analyse in the next chapters.

* Part of this chapter has been published as:

M. Bevacqua, A. Carubia, A. Cipollina, A. TamburiM. Tedesco, G. Micale, Performance of a
RED system with Ammonium Hydrogen Carbonate sohgj®esalination and Water Treat. 3994
(2016) 1-12.
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2.1 Reverse electrodialysis process

When two salt solutions at different salinity ar&xad together, an amount of energy
equal to the Gibbs free energy is lost unlesstalsiyicontrolled mixing process is carried
out. This can be performed in a Reverse Electrgsimbktack where two solutions are fed

into different channels separated by the presehmm@xchange membranes.
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Figure 2.1: Reverse electrodialysis simplified snbe

The concentration gradient between the two solatforces the ions to move through
the membranes. This ionic flux is regulated by ionsbility and membrane perm-
selectivity, i.e. the selectivity towards catioritantransport through Cation Exchange
Membranes/Anion Exchange Membranes, respectivdiig. Jenerates a net ionic current
through the stack. Eventually, this ionic current@nverted into electric current by means
of redox reactions at the electrodes, positionetth@two ends of the stack, and can be
conveyed to an external load. An important paradRED stack are the membranes,

described in more details in the next paragraph.

2.2 lon exchange membranes

Today, membrane separation processes have becsemtiaskmaterials not only in

industries, but also in day-to-day life. A membras@ selective barrier that allows the
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passage of specific constituents and retains othersent in a dispersing medium,
frequently a liquid. Many membranes have been dpesl for the use in nanofiltration,
ultrafiltration, microfiltration, pervaporation saftion, reverse osmosis, electrodialysis
and in medical use such as artificial kidney. Améimgse, ion-exchange membranes are
one of the advanced separation membranes [64]c&sithe ion exchange membranes
separate cations from anions and anions from catod they are the main key elements
in a RED process. They can be divided in two typation exchange membranes (CEM)
and anion exchange membranes (AEM). As can beiseligure 2.2, cation exchange
membranes have negatively charged groups attachagolymeric matrix while anion

exchange membranes have positively charged gré@ps [

CH
) . . e ' ;
{ﬁ"\;; @ - Mobile counter ions /§—o"“0 T Mobile counter ions
.CH, o}
CH N g . \ . -
L @ Mobile co-ions _i_dmO Mobile co-ions
choi~—~—~—1 _ 0 | _ :
LCH Fixed cation groups Lo ~ Fixed anion groups
, 1)
A /'l‘:ﬁ\ O i éﬁ\c Polymer matri
ch, oH, , Polymer matrix a) o} , Foly IX b)

Figure 2.2: Anion exchange membrane (a) and catkehange membrane (b) [65].

lons are called co-ions if they have the same &hafdixed groups in the membrane
whereas they are denoted as counter-ions if theg bpposite charge.

In principle, the co-ions are excluded by the meambs and only counter-ions are able
to permeate through it. If all co-ions are rejectdils means that the permselectivity
membrane is 100%, while lower values indicate tt@tnter-ions pass through the
membranes. This concept will be widely explainethimnext paragraph.

In a RED unit, a cation exchange membrane is irtambrwith a diluted electrolyte
solution and due to the presence of the fixed @hattye cations concentration will be
higher in the membranes than in the solution. @natther hand, the anions (co-ions) in
the membrane will be lower than in the solutioneDa this behaviour, a concentration
difference is created and the ions start to midrat@ one side to the opposite in order to
maintain electro-neutrality in the membrane andathié& solution. This creates an electric

field in the opposite direction to the diffusionfdw. The Donnan equilibrium (an
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electrochemical equilibrium) and steady state wdl reached when the electric field
balances the diffusional driving force of all iorsipecies [65].

In order to compare the performance of differentegys solutions with pure salts,
mixture of salts with ion exchange membranes, sdy@operties were analysed in this
work, in particular: permselectivity, membrane stnce, swelling, open circuit voltage
(OCV) and power density.

2.2.1 Permselectivity
Charges that move though a membrane constitutkeetnieal current. The fraction of

this current that is transported by a certain i@piecies can be expressed with the transport

number, defined as following:

_ ziJi

P @1)
wherez andJ; represent the valence and the molar flux of thepmmanti. The sum of
the transport numbers of all the ions must be eqoall. The definition of the

permselectivity for a cation and an anion exchamgenbrane is given by the following

equations:
TCEM_ ¢
Acgy = ———— To < (2.2)
TAEM_ ¢
Qupy = (2.3)

Tc

where AEM and CEM are referring respectively todh@n exchange membrane and
cation exchange membrane. The subscdpand the subscrip instead indicate
respectively the cations and the anions. The twaogeén the numerator are the transport
number in the membrane and in the bulk.

In an ideal CEM only cations diffuse, so their spart number inside the membrane
and the permselectivity are equal t'f¥” =1 anda gy = 1. Instead, ife gy, = 0, this
means that the transport number of the cationénntiembrane is equal to its transport

number inside the solutiofi‘®™ = T,.. Therefore, the permselectivity of a membrane
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describes the charge selectivity of the ion excbangmbrane. It reflects the ability of the
membrane to discriminate between ions of oppositege.

The permselectivity is determined using a statienim@ne potential measurement.
The device exploited in all the test is shown igufe 2.3 and consists of two cells: one is
fed by dilute solution and the other one is fedtty concentrate one, separated by the

membrane under investigation.

Concentrated solution OUT <:] :> Diluted solution OUT

Concentrated solution IN @ <: Diluted solution IN

Membrane under investigation

Figure 2.3: Experimental set-up for the permselégtmeasurement.

The other devices necessary for the tests ard listow:
e peristaltic pumps for the concentrate and dilutatam;
« two calomel reference electrode to measure thdrigalcpotential due to the
passage of ions through the membrane;
« athermal bath to control the solutions temperature
* aconductivity meter to measure the solutions cotidity;
e a multimeter connected at the electrodes to meabker@otential close to the

membrane under investigation.

The permselectivity [%] is calculated as the rdimtween the measured potential
(AVmeag and the theoretical or{&Vineoy:
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AV, V -V
a= meas 100 = meas— Y blank 100 (24)
AVtheor AVitheor

AVmeasis calculated as the difference between the medquotential ¥meas) and the
blank potential uiank ). The first value is measured by means of a meltér connected
between two electrodes inserted respectively imdituée and concentrate channel instead
the value of the blank potential is measured imimgrthe electrodes in 3M solution of
potassium chloride, namely the difference electsogetential itself. The theoretical
potential valueAVineor [V] (for ion exchange membrane with aqueous motenta

electrolytes solution) can be calculated usingNkenst equation:

WVoneor = “1n (22) 25)

ziF ap

in whichR is the gas constant (8.314 J/mol K)is the absolute temperature (K)is
the electrochemical valendg,s the Faraday constant (96485 C/mal)is the activity of
the concentrate solution (mol/l) aad is the activity of the dilute solution (mol/l).

As regards the activity coefficient, ions have antideal behavior in a solution due to
the attraction forces among them. These forcesptetat all the ions can be independent
one of each other and, therefore, not all the {o@sulting from the dissociation of the
solute) can participate to a given phenomenontiieireason, the active mass (activity)
of the solute is less than the initial analyticahcentration. The activity (mol/l) is defined
as the “actual” concentration of a solute in solutiit is linked to the number of particles
that can take active part in a given phenomenonitaadexpressed by the product of the

activity coefficient {) and the concentration C (mol/l):
a=vy-C (2.6)

The activity coefficient can be deduced on the dadithe characteristics of the
solution and its value is generally between zea@me. The highest value of the activity
coefficient (equal to one) is obtained for dilusalutions when interaction between the
charges of the ions are negligible. In general, doncentrated solution the activity
coefficient is lower than 1 because a high conegiotn reduces the distance between the

ions, so that only a fraction of the ions beconwia in the solution. Debye and Huickel
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defined a law (Debye and Hiickel's law) to deterntine activity coefficient across a
binary electrolyte (like NaCl) in a dilute solutidout in this thesis the activity coefficients
are taken from the Handbook of Chemistry and Plyaid the Handbook of electrolyte
solution[66,67]

2.2.2 Membrane resistance

The electrical resistance of the membrane (MR) iisctly related to the RED
maximum power output. It depends by the ions exgbarapacity and by the mobility of
the ions within the membrane matrix; it changee alih temperature and in particular it
decreases at increasing temperatures. The ionditydieipends by a number of the solute
properties (e.g. ion size, valence, hydration nuinbed by solvent content into the
membrane. Lower IEMs resistance is favored by simad size, low ion valence and high
external concentration [68]. Normally, membranadiure with high charge density and
low degree of cross linking are preferable to redine IEMs resistance.

The MR is commonly expressed ‘@eal resistance*cm?) and not as specific
resistancef*cm) generally used in engineering applications.

The electrical membrane resistance is measureddansof a six-compartment cell
with four electrodes. Two electrodes are used piyagpselected current, positioned at the
first and the sixth compartment. Two other eleatdre employed to measure the
membrane property. The simplified scheme is shawFigure 2.4.

All the parts of the device are made in Plexiglds®e membrane under investigation is
located in the center and it could be anion orcatixchange membrane with an area of
3.14 cnd. The external ones are always CEM while the otimers can be CEM or AEM
depending on the configuration adopted for thestess it can be seen in Figure 2.4, two
Haber-Luggin capillaries are positioned closeljtte membrane under investigation in

order to measure the electrical potential diffeeewith accuracy.
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Figure 2.4: Scheme of the electrical resistanceigetith six compartments cell.

The membranes are conditioned in 0.5M of electeoglution for at least 24 hours
before the measurements. The salt solution chasethd test is pumped in the third and
fourth compartment. The same solution is fed irsg@ond and fifth compartment to avoid
the influence of the electrode reactions that tqitese in the working electrodes. Finally,
the first and sixth compartments (electrode conmpants) are fed by the electrode rinse
solution. A different solution is used in the extarcompartments in order to guarantee
the presence of the same cation in both centrabbuirode compartments. For example,
sodium sulphate is used in the case of sodium iciglor

The electrode reactions are shown below:

ANODE: 2H,0 — 0,(g) + 4H* + 4e~
CATHODE: 2H,0 + 2e~ > H,(g) + 20H"

[2.1]
[2.2]

The solutions were pumped at the same flow rat8.£8nl/min) and at constant
temperature (28.1 °C). Before each test, all the solutions cotidities were measured
by means of a conductivity meter.

All the other devices needed for the tests aredisielow:
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e two peristaltic pumps used at the selected flove itat feed electrode rinse
solution and salt solutions to the cells;

* two Haber-Luggin capillaries and two Ag/AgCI refece electrodes to measure
the potential difference value due to the passégene through the membrane;

« athermostatic bath to store the tanks contairiiegetectrode rinse solution and
the salt solutions in order to keep them at corigeanperature;

« a Potentiostat/Galvanostat (e.g. Autolab PGSTATL®MEktrohm) to apply fixed

currents and record the experimental results.

Static measurements with various membranes andtiamdu were carried out
exploiting the potentiostat/galvanostat apparattsch applied a fixed current density
and simultaneously measured the voltage drop dwentembrane under investigation.
The slope of the current-voltage curve (I-V curlejore the limiting current conditions,
i.e. the maximum current value applicable withoatev splitting, gives the resistance of
the IEM plus the non-compensated ohmic resistaretevden capillaries. Such last
contribution igdetermined in another measurement without the mengbsample (blank).

Subtract the blank value to the measurement isrwatahe |IEM resistance.

2.2.3 Chronopotentiometry

Another method for the membrane resistance measmtemis the
chronopotentiometry. This method is dynamic arid @loser to reality although RED is
a stationary process.

With the chronopotentiometric method, not only thembrane resistance can be
calculated but also other membrane propertiestfeegransport number and qualitatively
the permselectivity.

The set-up is the same shown in Figure 2.4. A otiriee set with the potentiostat.
Figure 2.5 shows a typical chronopotentiometric sneament for a commercial ion
exchange membrane (CMX). The membrane under imat&tn is the one between
chamber 3 and 4. Over this membrane the voltage draneasured with the aid of two
Haber-Luggin capillaries connected with two eledé® (Ag/AgCl reference electrodes)
that are filled with 3M KClI solution. The currergikity starts at zero (A/m?); after a short
time the current is set higher. The voltage dropmisasured over the investigated

membrane when a current is applied. The voltagp trgiven as a function of the time
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as shown in Figure 2.5. The transition time carestimated as the period between the
time when the current is applied and the time oleiby the interception of the two

tangents of region 2 and region 3.

Potential (V)

0.2

Ttransition time

0 5 10 15 20 25

Time (s)

Figure 2.5: Example of a chronopotentiometric cuneasurement for commercial ion exchange
membrane (CMX) at 0.1 M of NaCl [65].

Three different areas are visible in Figure 2.5 Titst one (area 1) is where the current
is set higher than zero and the voltage drop istduke membrane resistance. In area 2
the boundary layer is build up, this is the ohnmeaa Qualitatively, shont gives better
permselectivity. When the boundary layer is conghjeformed, the curve goes up steep
(area 3). Here where over the limiting current.ofnpletely formed boundary layer means
that, near the membrane, the diffusion is to slovbiing fresh solution. In the small
boundary round the membrane only the current igdtheng force. The last part of the

graph, the tail (area 4), is where the water spdjtoccurs [65,69,70].

2.2.4 Swelling degree
Another important property of the membrane is thlgent (e.g. water) content, which

is measured after dipping the membrane under iigaiin in pure solvent or various salt
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solutions at room temperature for at least 24 hoAiter this time, the solvent from the
surface of the membrane is removed with blottinggpand then the weight and the wet
size of the membrane can be determined. In ordere@msure the membrane dry size, the
membrane is kept in an oven at60or a least 48 hours evaluating also the dry tteig
[65].

The ratio between the amount of absorbed solvehttendry weight of the membrane

is equal to a swelling degree:

§p = Dwet™Mdry g (2.7)

Mary

When the solvent is not water but a highly flamneatniganic solvent, the oven isn
utilized and the membranes are slowly dried farrgltime in a chemical hood for safety

reason.

2.2.5 Fixed charge density

The fixed charge density of a membrane is relaigté fixed charge groups attached
to the polymer backbone. In particular, it is defiras the ratio between the concentration
of ion exchange groups attached to polymer matex the number of fixed charges per

unit weight of dry polymer, IEC) and the swellinggtee SD (2.7):

C
Crix = 55 =" 1° (2.8)

The type and the concentration of the fixed iohiarges determine the permselectivity
and the electrical resistance of the membrane (e.ghe swollen state the distance
between the ion exchange groups increases andhédised charge density decreases)
[65].

2.3 RED performance parameters

In reverse electrodialysis a typical performanceapeeters is the power density,
defined as the power supplied by the stack divittechumber of cell pairs. A cell pair is
a repetitive unit constituted by a cation exchangambrane (CEM), a dilute (LOW)
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compartment, an anion exchange membrane (AEM) andorcentrate (HIGH)
compartment. The tests were performed using a 16x#RED module but only in few
tests the size was smaller (6x6 ZnDuring the operation, all the compartments are
alternately fed with the two feed streams, thusegating a concentration gradient across
all the membranes. The CEMs ideally allow onlyttla@sport of cations, rejecting anions;
conversely, the AEMs allow the passage of anioegcting cations. Once the RED
system is connected to a variable external eledtioad, the resulting ionic currents is
converted into electric current at the ends ofdftaek, where two electrodes are placed
and a suitable solution with redox couple circidate

lon exchange membranes were provided by FujifilrmiMacturing Europe BV (The
Netherlands) and the woven spacers by Deukum Gntb¢injany). Furthermore, in
almost all the tests, Nafion® perfluorinated memieia(DuPont, USA) were employed
in the electrode compartments, because of theyr high selectivity towards the active
redox species.

The electrode compartments contain Ru-Ir oxideembafi electrodes (Magneto
Special Anodes BV, The Netherlands). The electmrtie solution is composed by 0.1
M KsFe(CN), 0.1 M KiFe(CN)*3H,0, adding the same salt solution under investigatio
as supporting electrolyte in an appropriate comatéion, normally an average value
between the high and low concentrations.

A typical apparatus exploited for the power densigasurement is reported in Figure
2.6.

The test-rig consist of a RED stack with suppovicks and tanks that are listed below:

* inlet and outlet tanks for the two salt solutions;

« aglass tank for the electrode rinse solution ceddry aluminium foil to avoid
decomposition of the redox couple due to light expe [71].

e a thermostatic bath (e.g. JULABO F33) to keep tbtutons at constant
temperature;

e peristaltic pumps to feed the concentrate and tluiéedsolutions into the RED
unit;

e peristaltic pump to feed the electrode rinse sotuinto the electrode channels;

* avariable resistance (usually in the range 0.8-& connected to the RED unit

for testing the system under different load copdi
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« two multimeters to measure the current and poterdiae or alternatively a data
acquisition system (DAQ-National Instruments), dedpwith the LabVIEW™
environment as reported in Figure 2.6;

e aconductivity meter to measure all the fed sohgjdoth inlet and outlet.
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Figure 2.6: Experimental apparatus of power demsggsurement

All the solutions were prepared using demineralimater and salts with purity higher
than 99%.

2.3.1 RED experimental test-rig and procedures

During testing, the RED unit is connected to thibcated external resistan¢Bey),
and the stack voltag&sacy is recorded with a frequency of 1 Hz or read loyudtimeter.
Therefore, for each value of the external resis#Rs), the corresponding stack current

is calculated by Ohm'’s law:

ES ac
Litack = —stack (2.9

Rext

The stack voltag&siacyis also equal to:
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Estack = OCV — Rgpack " Istack (2.10)

where OCV is the open circuit voltage (i.e. the stack vaitagnder zero-current
conditions), andRsiackis the internal stack resistance (which can bessesl as the slope
of the straight line in &stack VS lstack graph, see Figure 2.7A, a result example with
NH4HCGO; salt). Thus, the electric powéR) is given by:

P = Egack " Istack (211)

As already said, the performance of a RED systegeirally expressed in terms of

power density, i.e. the amount of power generatdpll pair area:

P, =— (2.12)

N-A

whereN is the number of cell pairs adis the active area of one cell pair (Figure
2.7B).
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Figure 2.7: Example of data measured/inferred byetkperimental procedure: AydzkVs ktack B)
P4 vs Btack RED stack (10x10 ctnl0 cell pairs) equipped with Fujifilm membran2g0um woven
spacers. GicH = 2 M NHsHCGOs; CLow = 0.02 M NHHCOs; v =1 cm/s, T = 293 K.

The net power density is calculated as the grosgepaninus the pumping power
required (assuming 100% pumping efficiency):
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P=0pHIGH QU GH—MPLOW QLYW (2.13)
N-A '

Pd,net =
wherep are the pressure drops & is the total (i.e. sum of each channel flow rate)
feed flow rate; subscriptdlIGH andLOW refer to concentrate and dilute, respectively.
The corresponding pressure drops take into ac¢bamontribution relevant to the spacer-
filled channel as well as that relevant to thetholetlet manifolds (e.g. distributor and

collector) which in many cases may be the most prent [13].

2.3.2 Evaluation of blank resistance and corrected powedensity

The power output values collected from laboratagtes RED units are affected by the
behaviour of the electrode compartments (geneidéntified with a so-called “blank-
resistance”, blank). Despite this, contributionnisgligible on full-scale systems (i.e.
where hundreds of cell pairs are piled in a sirghgck), it can be significant for a
laboratory-scale unit.

The blank resistanc®{any can be estimated as the stack resistance whewthkeer
of cell pairs approaches zero [72]. For this reaiom stack resistance is experimentally
measured by varying the number of cell pairs (5150and 20), obtained as intercept with
y-axis on aRswack VErsus N plot. Another way to measure the blaskstance is using a
stack with only one membrane (CEM) and feed it \lith electrode solution, measuring
the potential lost for a fixed current (lower tHamit current) and calculate it applying the
Ohnis law.

Therefore, the internal resistance due to thepagts only Reeis) can be calculated as:

Reeus = Rstack — Rbiank (2.14)

In this way, a corrected stack voltage can be eséid) disregarding the contribution

of the blank resistance:
Estack,cor‘r =0CV - Rcells ' Icor‘r (2-15)

wherelor is the corrected current, calculated as:

49



I _ Estack,corr
corr —

(2.16)

Rext

Substituting eq. (2.16) into eq. (2.15) and reagitagy, the corrected stack voltage is
given by:

_ Reells
Estack,corr =0CV — Estack,corr Rext
ex

(2.17)

Rearranging eq. (2.11), eq. (2.12), eq. (2.16) end(2.17), the corrected power
density Paqcorr) can be calculated as:

oo (2.18)

P
d,corr N-A~Rext(1+}§§:;l:)2
Eq. (2.18) provides the power density obtainabla bhyll-scale RED system operating
under the same conditions of a laboratory-scalé. ténce, it provides a reliable
indication of the potential of the RED unit on agla scale (Figure 2.8). Figure 2.8 also
shows the comparison between the relevant magmsitotithe corrected and uncorrected

quantities previously described.
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Figure 2.8: Example of data measured/inferred byetkperimental procedure: A}dzkVs ktack B)

Power density vs &ck Black dashed line case includes the blank resisteblue dashed line case
does not include the blank resistance. RED sta@ki(@ cn?, 10 cell pairs) equipped with Fujifilm
membranes, 27@m woven spacers.HisH = 2 M NHHCO;s; CLow = 0.02 M NHHCOs; v =1 cm/s,

T =293 K.
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The membrane properties and the performance pagesr@ieviously explained were

used as a useful tool for the selection of the baiss.

2.4 Strategy selection criteria of salts and solvents

The use of artificial salinity gradients allows nepossibilities in terms of
unconventional salts and solvents [73], aimingityeéase the efficiency performances of
the RED heat engine depending on the ratio betteeanergy produced and the thermal
energy required.

A fundamental research was performed in order sesssthe best options for both
solvent and salt extraction strategies. Startignfiiterature review, information were
collected on the main physical, chemical and trartsproperties (conductivity, density,
viscosity, solubility, activity coefficient) of diérent, mainly inorganic, salts. A similar
review was also conducted about the impact of @iffeorganic solvents when these are
used as water alternative in the solvent extracicategy. These results are not discussed
in this manuscript. Only few tests were performeaider to assess the impact of water
co-solvents on RED performance.

Promising salts were tested on Anion Exchange Manm#br(AEM) and Cation
Exchange Membrane (CEM) properties. The followingnthrane characteristics have
been determined: Permselectivity,(Open Circuit Voltage (OCV), Electrical Membrane
Resistance (MR) and Power Density (Pd) in a stack.

With the obtained data set, RED modelling was a&gpknd then validated with
experimental results. Based upon all data and gsthums, a preselection of promising

salts has been made.

2.5 Salts and solvents selection for the solvent extri@on configuration

The aim of this section is the investigation of thest suitable salts and combination
of salt and solvent for power generation by Revéteetrodialysis (RED) in a Closed
Loop system (RED-CL), with the solvent extractidrategy. Aside from literature, a
number of relevant physical properties of suchttmhs (solubility, conductivity, density,
viscosity, activity coefficients) were collectedardatabase.

On the basis of high solubility in water, 37 diffet uni-univalent salts were selected

by Tedesco [32]. A simplified model was developadorder to identify the optimal
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streams concentrations and estimate the achieyaiMesr output for each salt. The
modelling goal was to give clear indications absaits which might be promising for
RED-CL process. According to model simulationshilim salts were promising, in
particular the best prediction was obtained byidith bromide with a theoretical power
density of 35 W/fte pair[32].

In the following sections, several tests are descriand the results are discussed in
order to identify the best salts in water, starfirmgn the literature indications. Some tests
were made with different organic solvent insteadwater. The performance of ionic
liquids was also tested; these are salts alreatheiform of a liquid phase, so they don’t
need solvents for their solubilisation. Moreovegwnideas were considered in order to
increase the performance of RED unit, exploiting llehaviour of salts mixture instead
of pure salts.

For all the test, the experimental procedures deesdin the section 2.3 were used and
the results were normally compared with sodium tég considering it as the standard

salt because it is the most studied in literatuoeka.

2.5.1 Lithium Bromide

The lithium bromide-water (LiBr/kD) solution is widely used as working fluid in
absorption refrigeration systems because of itsagheristics. It is nonvolatile and non-
toxic, can be considered environmentally friendy iis not contributing to ozone
depletion [74-78]. Employing this solution avoitie tuse of traditional refrigerants and
its consequent environmental damage. Moreover, LiB#/H20 solution has low
crystallization temperature, high absorption calyaaid low viscosity that are advantages
if used as absorbent [79]. Absorption refrigeragatems are attractive and of increasing
interest because they can be driven by low-temperateat sources and provide an
excellent way for converting solar energy or wamssat into useful refrigeration [80,81]

For the RED purpose, one of the most advantadidithium bromide is very soluble
salt, with a solubility limit in water of 13.6 mbkt 25°C [67]. Its behaviour is strongly
dependent on temperature (Figure 2.9) [82].
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Figure 2.9: Solubility of pure LiBr in water at thfent temperature [82].

The effect of activity coefficients is rather reikailole, being far from unity for highly
concentrated solutions as can be observed in FR@iBe This property may significantly
affect the actual concentration at both sides ef ttembrane, especially at very high
concentration. This may lead to a further increggifithe actual driving force available

for power generation.
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Figure 2.10: Activity coefficient of LiBr in wateat 25°C [67].

In Figure 2.11 are reported the density and thetital conductivity at different

molarity (mol/lt), respectively.
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Figure 2.11: Density at 20 C° (experimental valuas) electrical conductivity at 20 °C of LiBr

solutions. It is also reported a comparison betwegrerimental and handbook values [67].

Once the main physical properties were collectdst, £olutions at different concentration

were tested in a RED unit in order to confirm tbeetasts made by Tedesco [32].

Power density measurementswith LiBr

The experimental campaign was performed with auwroeat reverse electrodialysis
(RED) module with 10x10 cfrof membrane area and 10 cell pairs. During theatjom,
all the compartments are alternately fed with the teed streams.

lon exchange membranes (RP1) were provided byilRuj¥anufacturing Europe
B.V. and 270um woven spacers (Deukum GmbH, Germany) were usedtaak

components. The properties of the used IEMs arerteg Table 2.1

Table 2.1: Properties of the two sets of IEMs addpn the experiments*.

. . - lon Exchange
Thickness  Areal resistancé  Permselectivity’ 9

Membrane Capacity
m Q cn? %

(um) (@ cm?) %) (meg/o)

Fujifilm AEM RP1 120 1.84 92 % 1.28

Fujifilm CEM RP1 120 3.12 99 % 145

* Nominal data provided by membrane manufactur@rgusonventional (NaCl) solutions.
2 electrical resistance measured in 0.5 M NaCl gwoiudt 25°C.
b permselectivity measured in 0.1 — 0.5 M NaCl ctiods at 25°C.
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The lithium bromide was tested at different concatians starting from 10M and
using 0.15M as diluted solution because it wasts value found by Tedesco [32]. All
the tests were compared with the standard NaClAgiteliminary test with 12M of LiBr
is not reported because the result was not repiil@éud@ he problem was the high solution
viscosity at this high concentration making impbksthe feed process with the peristaltic
pumps available for the test.

In order to directly compare the power density ltssastead of the corrected power
density, it was used the same electrode solutiocbMKsFe(CN}), 0.1M KsFe(CN)
adopted for the case of NaCl as supporting salbatentration of 2.5M.

The results comparison is shown in Figure 2.12.[thiam bromide solution at 10M
has the same OCV than sodium chloride at standardition. However, a higher stack
resistance influences negatively the RED perforraawnith a lower power density.
Decreasing the concentration of the concentratelditisn, the stack resistance
consequently decreases but at the same time @GN decreases giving a lower power
density.

The power density experimentally found with LiBiais order of magnitude lower than
the value predicted by Tedesco [32]. In order tdaustand better why the power density
of LiBr is only comparable with NaCl despite of isgh solubility and high activity
coefficients, the membrane properties were analyirederms of permselectivity,
membrane resistance, water permeation and sweléggee. The results are shown in the

next sections.
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Figure 2.12: Comparison between LiBr solution #fedent high concentration (10M-8M-6M) and
NaCl (5M). A) OCV (blue columns) and stack resis@forange columns). B) Gross power density.
RED stack (10x10 cfn 10 cell pairs) equipped with Fujifilm membraneBR 270um woven
spacers. (bw = 0.15M LiBr and Cow = 0.05M NaCl; v=1cm/s, T = 293 K.

A power density measurement was also conductedffatesht temperature (Figure
2.13). The OCV values are identical even if the gerature allowed a good stack
resistance reduction. However, the value still ienfawer than the standard condition

with NaCl solution.
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Figure 2.13: Comparison between LiBr solution #edént temperature (25°C and 40°C). A) OCV
(blue columns) and stack resistance (orange colurBjssross power density. RED stack (10x10
cn?, 10 cell pairs) equipped with Fujifilm membraneBIR 270um woven spacers. s+ = 6M
and Gow = 0.15M; v=1cm/s, T = 293 K.

Permsel ectivity measurements with LiBr

The procedure utilized for the permselectivity meament with LiBr solutions is the
same reported in the section 2.2.1. The dilute eoination was fixed at 0.05M because
all the tests made in previous works [83] had #tendard concentration in order to
compare the results. The concentrated solutiorcivasged from 6M to 0.5M. The results

are shown in Figure 2.14.
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Figure 2.14: Permselectivity measurements with Is@utions at GicH: 6M-5M-4M-3M-2M-1M-
0.5M and Cow=0.05M; T=298K and @w=Qnichn=298.4 ml/min; RP1 Fujifilm membranes.

The permselectivity is strongly dependent on theceatrated solution. The value is
always lower for anion exchange membrane than mwai@hange membrane, behavior
reported also in literature [12,32,84]. In thiseas cert amount of small lithium ions can
pass through anion exchange membrane with the sinflois can have a strong effect on
the selectivity membrane performance.

The results with LiBr and the standard NaCl are garad with the state of art [83].
The test were made at the same concentration (0.B8M) and the results are show in
Figure 2.15. The comparison results show that tB#MApermselectivity with LiBr is
lower compared with other salts (only ammonium thoaate has the same value)
whereas the CEM permselectivity is in line with tbehers. This poor performance
contribute negatively on the power density and thkies decrease rapidly at higher

concentrations.
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Figure 2.15: Permselectivity measurements compatigiween LiBr, NaCl and literature values
[83]*. RP1 Fujifilm membranes at 25°Cufen: 0.5M and Cow: 0.05M.

Water permeation measurementswith LiBr

An ion exchange membrane is a semi-permeable poigraepport. It is interposed
between two solutions at different concentratioth iais able to select the species that can
pass through. These are used in a RED proces®diseselected property, but different
concentration means also a different osmotic pressthe ions move from concentrated
channel to the diluted one whereas the solvertteéropposite direction trying to balance
the concentration in the two channels. A certaimam of solvent molecules can pass
with the ions but normally this is negligible.

The amount of solvent that pass from one channéhdoother one depends by the
membranes and by the solution concertation. Ttapguty can reduce the driving force
between the concentrated and the diluted channels.

The test-rig exploited for the measurement is shiowFigure 2.16. Two solutions at
different concentration are stored in two sepatatks. These solutions feed a stack
composed by two channels separated by the membrates investigation (exposed area
of 224 cnd). The solution density and the volume are measheddre and after the test
in order to calculate the amount of water passedutih the membrane. The value is
divided by the osmotic pressure difference betwten average of inlet and outlet

concentration and by membrane area.
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Figure 2.16: Test-rig for the water permeation roeasents.

The test was made with LiBr at 5M as concentrat® @O5M as dilute and it was
compared with the standard NaCl solution. The gmutvere recirculated in the stack for
24h with a flow rate of 298.4 ml/min.

mNaCl mLiBr

Water Permeation [g/h/bar/m 2]
w

AEM CEM

Figure 2.17: Water permeation comparison betweBn &nd NaCl at the same concentration (5M—
0.05M). RP1 Fujifilm membranes. Test performedZéhn.

The water permeation with LiBr is lower than Na&, this doesn't contribute to the
poor performance of this salt in the RED unit.
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Membrane swelling with LiBr solutions

A dry membrane takes up water to a certain degtemwt is immersed in water. The
increase in mass (in %) is called swelling deg8eelling is restricted by the cross-links
in the polymer. Because a high swelling degree felee charge density, a low swelling
degree is desired. However, the polymers containlrayged groups (active polymers)
often exhibit a high swelling degree. Hence, th@rhaetween reinforcing polymers and
active polymers is usually tuned to obtain a highrge density [12].

Measurement of the swelling degree is performeadasm membrane weight. Two
samples of RP1 Fujiflm membranes were immersedsaolution 0.5M of NaCl and 0.5M
of LiBr for 24h. Then, the membranes were weiglated put in the oven at 65°C for 24h.
The difference between the wet and dry membranghtigives the swelling degree value.
The results are shown in Figure 2.18.
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Figure 2.18: Swelling degree measurement with laBd NaCl solutions at 0.5M. RP1 Fujifilm
membranes.

The values are comparable and in line with thedhieported in the literature [83].
Membrane resistance with LiBr solutions

A chronopotentiometry measurement was performedonder to calculate the

membrane resistance with LiBr and NaCl solution.afeady explained in the section
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2.2.3, the solution has a concentration of 0.5Mrder to avoid the effect of boundary
layer on the measurement.

The membrane resistance comparison for LiBr andlMa@ported in Figure 2.19

mNaCl = LiBr

Membrane Resistance [ Q cm?]

AEM CEM

Figure 2.19: Membrane resistance comparison withr land NaCl solutions. RP1 Fujifilm
membranes. Concentration equal to 0.5M.

The CEM membranes have the same resistance withwihesolution whereas the
AEM with LiBr is one third the value measured WNRCI. Nevertheless the power density
was lower than the standard salt.

Performance analysis and conclusion for LiBr solution

All the membrane properties measurements reportdtié previous sections have
highlighted the reasons of the poor performancéiBf in a RED unit. Even if the
membrane resistance values are more favourableiBorcompared to NacCl, the lower
permselectivity of AEM membranes strongly influenttee power density. Higher
concentrations mean lower permselectivity whichuim deletes the effect of the higher
driving force due to high solubility and the higttigity coefficient.

2.5.2 lonic liquids
lonic liquids (IL) are salts with very low meltingmperature. They have received

great interests recently because of their unusuvapesties as liquids [85—-88]. The
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characteristics of ionic liquid, in particular theganic one, can be summarized in Table
2.2.

Table 2.2: Characteristic of organic ionic liqguidlapted from [89]

0  Treated as liquid at ambient temperature

Low meting point 0  Wide usable temperature range

0  Thermal stability

Non-volatili
vy 0  Nonflammability

High ion density
Composed by lons o -
High ion conductivity

0  Various kinds of salts
Organic ions 0  Designable
0 Unlimited combination

The most important properties of electrolyte solugi are non-volatility and high ion
conductivity. These are essentially the propertésadvanced (and safe) electrolyte
solutions that are critical for energy devices utdmor use. The non-volatile electrolyte
solution will change the performance of electroaid ionic devices. These devices will
become safer and have longer operational lives, Butre interesting, they will be
consisting of organic ions, and these organic camgs will have unlimited structural
variations because of the easy preparation of ncamyponents. So there are unlimited
possibilities open to the new field of ionic liqaifP0,91].

Among possible new applications of ionic liquid lvetectrodialysis and dialysis were
proposed [92—-94]. Thus these salts have been @esidor their possible application to
present case of the reverse electrodialysis. Tha id to exploit directly melted salts
already at room temperature minimizing or even iglating the use of solvent. These can
strongly reduce the adverse effects of water ife® Rnit.

In recent years, ionic liquids have been widelydgd and many applications have
been proposed. After a careful analysis of the wadported in the literature [95,96],
ninety-nine ionic liquids were selected and themmabperties were. In particular, melting
point, density, viscosity, solubility in water argdectrical conductivity are reported.
Moreover, the safety data and the prices wereadsled because these are also important
characteristics in the choice. Unfortunately, ribthe information are available because

also some of ionic liquids selected were only rdgediscovered.
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Among the ionic liquids preselected, 1-ethyl-3-nyithidazolium ethyl sulphate was
chosen due to its good electrical conductivity, djpoice and its health safety. However,
before testing the above selected ionic liquidA¢Bylamidopropyl)trimethylammonium
Chloride (DMAPAA-Q), an available organic salt wasudied due to its similar
characteristics. This organic salt is used in ti,edxchange membrane production and it

has good characteristic in terms of electrical cmtiglity and solubility in water.

(3-Acrylamidopropyl)trimethylammonium Chloride (DMAPAA-Q)

The (3-Acrylamidopropyl)trimethylammonium Chloridewater, concentrated at 74-
76%, is known as DMAPAA-Q. It is an organic saltefly used in the production of ion
exchange membranes. This salt has a high viscasii$% and it becomes more fluid
when water is added. Conductivity measurements e@rducted before to perform OCV
tests and the trend is following reported (Figu@0
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Figure 2.20: Conductivity measurement of water-DM¥¥Q solutions at different molarity
As can be observed in Figure 2.20, the electricatiactivity has a maximum value at
around 1.5M and it strongly decreases when theardration increases. This trend can

have a bad effect on power density and it is higitéd by the next results.
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OCV measurement with DMAPAA-Q at different concentrations

According to the procedures of permselectivity nneasient described in the section
2.2.1, the measured potential is divided by therdtical one calculated with the Nernst
equation. However, the theoretical potential cartrtalculated with this organic salt
because the activity coefficients are not availablthe literature. In order to overcome
this problem and to have an idea of the performanridéis salt with RED technology,
OCV measurements were performed with the permselgcapparatus. The sum of the
absolute values of the potentials measured withattienic and the cationic exchange
membrane, respectively, is equal to the OCV vatwafsingle cell pair. Moreover, it can
give an idea on the membrane permselectivity comgahe results with the standard

NaCl. The results are shown in Figure 2.21.
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Figure 2.21: OCV measurement comparison with DMAP@Aand NacCl solutions at different
molarity; T=298K; Fujifilm membrane RP1; &v=0.05M.

The measured potential with AEM is comparable wélh the concentrations.
However, the different with CEM membrane is prommeohand the corresponding OCV
per cell pair is around 12% lower for DMAPAA-Q stitins.

In order to improve the performance of this orgas#dt, a different membrane

(Fujifilm V1) was also tested. The comparison perfance is reported in Figure 2.22.
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Figure 2.22: OCV measurements comparison with Vil &P1 Fujiflm membranes using
DMAPAA-Q solutions at different molarity. T=298K..6~+=0.05M.

The V1 membrane has a worst performance with DMAF@Aolutions compared
with RP1 membrane. In this case, the best OCV ekepair result is when the electrical
conductivity has the maximum value. However have b® highlighted that the
performance with AEM membranes are comparable.

The use of organic solvent instead of water caramémportant alternative in the
solvent extraction strategy because these orgahiersts can have a low boiling point.
This can improve the total process efficient beealasver energy is required for the
regeneration step. The OCV of DMAPAA-Q solutionsaiwater (80%)-methanol (20%)
solvent was measured using the same test-rig. dimparison with only water solvent is
shown in Figure 2.23.
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Figure 2.23: OCV measurements comparison with DMAFRR in water and water (80%)-
Methanol (20%) solvents at different molarity. T8%0 CLow=0.05M.

The trend shows a similar potential with both sotgeallowing the possibility to use
solvent with lower boiling point compared with pwater.

According to the equation (2.11) reported in secfd3, the maximum power density
can be calculated if OCV and stack resistance mogR. The stack resistance depend by
the membranes, by the solution and by the blanktegwe. The solution resistance and
the blank can be calculated or assumed considstamglard electrode solution with NaCl

but the membrane resistance have to be measured.

Membrane resistance measurements with DMAPAA-Q
A chronopotentiometry measurement was performedorder to measure the
membrane resistance of CEM and AEM with DMAPAA-Qusion at 0.5M. The value

was compared with the standard NaCl solution aadébkults are shown in Figure 2.24.
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Figure 2.24: Comparison of membrane resistance RMAPAA-Q and NaCl solution, measured
with chronopotentiometry tests. C=0.5M; T=298K.iffluj RP1 membrane.

The membrane resistance of anion exchange memimmBMAPAA-Q has a value
slightly lower than standard NaCl but the catiosl@nge membrane is 8 times higher.
This result makes the DMAPAA-Q unusable in a RE@D with the condition described
above.

1-ethyl-3-methylimidazolium ethyl sulfate

The physical properties of the ionic liquid (IL)eeted for the present study (1-ethyl-
3-methylimidazolium ethyl sulfate) were not avaltahin literature. The electrical
conductivities were experimental measured and ¢lselts are reported in Figure 2.25.
The maximum concentration achieved was 2M, witthaigvalue the solution was too
Viscos.

This ionic liquid was studied with OCV tests. Thesults were compared with the

standard sodium chloride and are reported in FigLz6.
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Figure 2.25: Experimental electrical conductivifyleethyl-3-methylimidazolium ethyl sulfate at

different concentrations.
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Figure 2.26: OCV measurement comparison with Ii@diquid) and NaCl solutions at different
molarity; T=298K; Fujifilm membrane RP1; &v=0.05M.

The OCV performance of this ionic liquid with AEMembranes was comparable to
NaCl but the value with CEM membranes was lowerobtined for the case of
DMAPAA-Q salt. Likely, specific membrane should treated in order to improve the

performance of these particular salts.
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2.6 Selection in the salt extraction strategy

An alternative strategy for the solution regeneratiin a closed loop SGP process is
the salt extraction. The salt is extracted from dileted exhausted solution and re-
solubilized into the concentrated one as showménprocess scheme reported in Figure
1.10. Among the possible alternatives, the thertiolyalts are selected as the most
promising for the SGPHE in the range temperaturé®60 °C. The most common
thermolytic salts consist of NHCO,-based compounds, namely they aresNEO;,
ammonium carbonate ((NFCOs) and ammonium carbamate (MH.COO). Since
these salts have the advantage of being degragdblélH; and CQ below 60°C, they
can be used to convert very low temperature hieaitidustrial waste heat into electricity.
Only ammonium hydrogen carbonate and ammonium ozatgwere studied and their
performances were investigated in a small RED ttotvever, the solutions regeneration

stage was studied only with ammonium hydrogen caat®

2.6.1 Ammonium hydrogen carbonate

According to the literature on the use of artificglinity gradients, ammonium
hydrogen carbonate (NHCGOs) has been recently presented as an interestingnojotr
both RED [97-99] and PRO [100]. The peculiar propef NHsHCO; is that it can be
decomposed into ammonia, carbon dioxide and watdrelating above 40-45 °C [101],
thus allowing in principle to operate the regerierastep of the SGP heat engine at low
temperature (i.e. using very low-grade heat).

Up to now, three different applications have beerppsed in the literature for the
exploitation of NHHCGO; in SGP heat engines: the ammonia-carbon dioxidedis
Heat Engine (OHE) [100], the Thermal-Driven Electrtemical Generator (TDEG) [97]
and the concept of Microbial Reverse electrodialgzll (MRC) [99].

The ammonia-carbon dioxide OHE proposed by McGimtial. (2007) is a closed-
loop PRO system where a MHCO; solution is used as draw solution to create high
osmotic pressures. A maximum thermal efficiency@¥o of the Carnot efficiency (likely
corresponding to an actual energy conversion effiy of 1.2%) has been predicted for
an OHE that uses waste heat around 50°C [100].

The Thermal-Driven Electrochemical Generator (TDPp&sented in 2012 by Luo et
al. [97] represents the first attempt to drive aDRftocess with NsHCO; solutions (as
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working fluids). Using a laboratory RED unit witB tell pairs, a maximum power density
of 0.33 W/ntnembraneWas obtained feeding the system with 0.02 M (djlut 1.5 M
(concentrate) NEHCO; solutions.

Another recent application of NHCGO; is represented by microbial RED systems in
which a small RED stack is placed directly in cahtaith a microbial fuel cell (MFC),
i.e. a biochemical reactor where exoelectrogenittdrea are used to oxidize soluble
organic matter, thus releasing electrons on artrelée surface. Using solutions with
conductivity typical of domestic wastewater (~1 o18), a power density over 3 W/rof
projected cathode area (i.e. over 0.3 Wdhmembrane area installed in the 5 cell-pairs
set-up) has been reported in an MFC [99].

All these works suggest that employing ammoniunatiionate solutions can be an
interesting alternative to generate power by me&SGP-heat engines. Notwithstanding
these promising features, insufficient data hawenks®o far collected on the performance
of a RED unit fed by NEHCO; solutions. The focus of the present work is the
experimental investigation of the performance dalescale RED unit operated with
NH4HCO; solutions. A number of different operating conatis including flow rates and
salt concentrations were tested, thus providingemosight into the potential use of

ammonium bicarbonate for RED closed-loop applicetio

Experimental apparatus

The experimental campaign was performed with a moatke reverse electrodialysis
(RED) module with 10x10 chof membrane area. The cell pair number was fixetDa
for each test performed. During the operationttedl compartments are alternately fed
with the two feed streams.

lon exchange membranes provided by Fujifilm Mantufdng Europe BV (The
Netherlands) and 270m woven spacers (Deukum GmbH, Germany) were ussthak
components. The properties of the used IEMs arsdhee reported in Table 2.1.

Nafion® perfluorinated membranes (DuPont, USA) wengployed in the electrode
compartments and the electrode rinse solution wagposed of 0.1 M Kre(CN}, 0.1 M
K4Fe(CN)}-3HO (Chem-lab with purity 99.5%), adding 1 M DHHCO; as supporting
electrolyte. A flow rate of 225 ml/min in the elemtie compartments was kept for all the

tests.
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The test rig is constituted by the RED unit, plosrfinlet/outlet tanks (20 | capacity)
for both solutions and the required monitoring devias sketched in Figure 2.6.

Two peristaltic pumps (Cellai 530 U) were usedai@é the concentrate and the dilute
solutions to flow within the RED unit. A similar pstaltic pump (Verderflex M025) was
used for pumping the electrode rinse solution (ERSIN a glass tank covered by
aluminium foil to avoid decomposition of the redoauple due to light exposure. The
relevant process variables (inlet-outlet pressuops stack voltage) were measured and
collected via a data acquisition system (DAQ-Naloimstruments) and monitored
through LabVIEW™ environment. The conductivity of the feed soluighoth at inlets
and outlets) were measured by means of a condtycthaéter (WTW LF196). A variable
resistance (ranging between 0.7 — 52)8vas connected to the RED unit for testing the
system under different load conditions. The feedutams were prepared with
demineralized water and ammonium hydrogen carbdSgena-Aldrich, purity 99%).

The test-rig scheme is reported in Figure 2.6

Results and discussion

The RED unit was tested under different operatingditions, changing the feed
concentration of the dilute and the flow velocifybmth solutions. For the concentrated
solution, an inlet concentration of 2 M NMHCO; was adopted as standard for all tests:
this allows to keep a high salinity ratio (i.e.ioabetweenCuicn/CLow), notwithstanding
the relatively low solubility of ammonium bicarbdaan water (2.7 M at 298 K [102]). A

summary of the tests presented in this work ismepldn Table 2.3.

Table 2.3: Summary of experimental tests preseintéds work’

. Dilute concentration, CLow Feed flow velocity,v
Main focus of the tests (M NH HCO3) (cmis)
Influence of dilute concentratioC{ow) 0.01-0.02-0.040.06 -0.1 1
Influence of feed flow velocityj 0.02-0.04 05-1-15-2

“Overall conditions: RED stack (10x10 &m0 cell pairs) equipped with Fujiflm membran2g0 um woven
spacers. e = 2 M NHHCO;; T =293 K.

Influence of dilute concentration
The concentration of the dilute solution is a cali¢actor for the performance of a

RED system, since it affects both the driving foer& the resistance of the stack. In
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particular, a careful selection of the feed dilatmcentration can significantly enhance
the power output. Notably, the electric resistanictie dilute can represent even the 50%
of the whole stack resistance when fresh wated {OM NaCl) and seawater (0.5 M NaCl)
are used as feed solutions [103].

In the case of RED process with NaCl solutions,apgmal dilute concentration to
maximize the power output has been identified ia thnge of 0.01-0.1 M NaCl,
depending on the stack design (e.g. channel thiskmeembrane resistance) and operating
conditions [17,104,105]. However, the use of un@mtional salts such as ammonium
bicarbonate requires a new investigation of thénmgdtconcentration range maximizing
the performance of the RED process. Moreover, wdréficial solutions are used in a
closed loop, feed concentrations are not dictatethbse of natural sources, and can be
purposely chosen for the process.

In this regard, the RED system was tested by cingnidjie feed concentration of the
dilute in the range of 0.01-0.1 M NHCO:s. Relevant results are reported in Figure 2.27:
in particular, open circuit voltag®©CV) and stack resistance are shown in Figure 2.27A,
while the corresponding maximum values of powersit&rs are reported in Figure 2.27B.

In the investigated range, the lower the dilutecemtration, the higher th@CV and
the stack resistance are expected (Figure 2.2783 atter of fact, the reduction of dilute
concentration corresponds to a higher salinityordtius resulting in an increase of the
OCV. Similarly, lowering the feed concentration alsuses an increase of the electric
resistance in the dilute compartments, which is i&in contribution to the stack
resistance. These phenomena have a counteraching @fi the power output, leading to
a maximum in the gross power densid £ 1.78 W/n%cei pai) at CLow = 0.02 M (Figure
2.27B).

OCVvalues and trend very similar to those presenerd were found by Luo et al.
[97]. Conversely, highdRsiackWere reported by the same authors [97] allegedkytd the
higher spacer thickness and to the different mendgs@mployed (in their case: Selemion
CMV and AMV, Asashi glass, Japan). Such a diffeeeresults in &4 three times lower
on average: they found a maximinat C.ow = 0.02 as in the present case, but equal to
0.66 W/n¥cell pair
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Looking at the corrected power densi® {or), a different (with respect tey) optimal
value ofC owwas observed (~0.04 M NHCO3), corresponding to a maximum value for

Pd,corr Of 285 W/n%cell pair (F'gure 227B)
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Figure 2.27: Influence of dilute concentration oaqess performance. A) OCV and stack resistance.
B) Gross power density, corrected gross power tiensdrrected net power density. RED stack
(10x10 cm, 10 cell pairs) equipped with Fuijifilm membran2g0um woven spacers.HzH =2 M
NHsHCOs; v=1cm/s, T =293 K.

Pressure losses were also measured and the relesahs are reported in Figure 2.28.
This figure shows that the concentration has agcefin pressure drop as expected on the
basis of the difference in solution viscosity. Glgawhen only the concentration of the
dilute solution is changed (see Table 2.3) onlyesy\slight variation in pressure drop
occurs.

By taking into account these hydraulic losses,rteecorrected power density was
estimated and reported in the same pl®Qf (Figure 2.27B): a maximum value of 1.55
W/mPeei pair Was found at the san@ ow of ~0.04 M as expected. For all tests, each value
is provided with an error bar calculated using itieximum discrepancy among results
relevant to some reproducibility tests. For the petver density, the experimental
uncertainty was estimated by adopting to the uaaext definition given by Moffat
[106,107].
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Since the maximum power density was found at 0.0@/Mle the maximum corrected
power density is at 0.04 M, the effect of dilutevil rate was investigated by fixing the
dilute concentration at these two values (Tablg, 28 it will be presented in the next

section.
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Figure 2.28: Influence of dilute concentration eagsure drops. RED stack (10x10%ca0 cell
pairs) equipped with Fujifilm membranes, 21t woven spacers.HgsH = 2 M NHIHCOg; v =1
cm/s, T = 293K.

I nfluence of feed flow velocity

In addition to the inlet concentration of feed simins, another crucial parameter for
the RED process is the flow velocity inside compenits, which also strongly affects the
pressure drops, and hence the net power output.

The investigated RED system was tested assumifeyalift flow velocities for both
solutions, ranging from 0.5 up to 2 cm/s. Alsopantioned above, two values of dilute
concentration were tested (i@.ow equal to either 0.02 or 0.04 M): the results ratéuwo
CLow = 0.02 M are reported in Figure 2.29, while thas€ ow = 0.04 M are shown in
Figure 2.31.

In Figure 2.29A the effect of flow rate dDCV and relevantRsiack are reported.
Notably, the former would be constant if membramere ideal. In fact, its actual variation
with flow rate is due to the non-perfect permsélétgt of the membranes, which allow
the passage of little amounts of salt and watesuR®e show that an increase of flow
velocity provides a slight enhancement of @@V in the first range (0.5 — 1 cm/s), until
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a plateau is reached (Figure 2.29A). Such effentdmly related to the lower residence
time inside the stack that allows a practically stant driving force between inlet-outlet
to be maintained. Higher flow rates also causedaation of polarization phenomena
(especially in the dilute solution), which are, fewer, expected to be very low according
to the very low fluxes occurring under open ciraahditions. Likewise, the flow rate has
a double effect oRstack a low residence time corresponds to a small trariaf the dilute
channel conductivity thus leading to a hiBk.ck on the other hand, a higher flow rate
reduces concentration polarization phenomena (@-ohmic resistance) thereby
providing lowerRsiacke FOr the present case, the first effect appealb® tprominent as an
increase oRsckWith the flow rate was recorded (Figure 2.29A).&matter of fact, the
resistance due to the dilute compartment, as showigure 2.29A, represents around 30-
40% of the stack resistance and its effect is detemt on the stack performance. Also
Luo et al. [97] investigated the effect of feediflate on process performance. As already
discussed for the case of Figure 2.27, they repdd€V similar to those of the present
work, while the stack resistance was much highers resulting in three times lowgg

[97].
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Figure 2.29: Influence of feed flow velocity on pess performance. A) OCV, stack resistance,
resistance of the diluted compartment. B) Grossgualensity, corrected gross power density,
corrected net power density. RED stack (10x18, d cell pairs) equipped with Fuijifilm
membranes, 270m woven spacers.HisH = 2 M; Gow = 0.02 M; T = 293 K.
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As a result of the simultaneous increase of competariables a®CV andRsack the
power density was found only slightly dependenttloa flow rate: an average value of
1.81 and 2.81 W/Pgeil pair for Pq and Pq corr was found, respectively (Figure 2.29B). As
already discussed, the net corrected power defesjty2.12 and eq. 2.13) can be calculated
considering the pressure drops inside the dilutlecamcentrate compartments. As seen in
Figure 2.30A, the experimental pressure drops asgas the feed flow velocity increases,
but with a different slope depending on the sohuttmncentration (i.e. different fluid-
dynamic properties as density and viscosity). M trends are linear, thus suggesting
the existence of a stationary regime at the flote range investigated. The two trends
were reported also in terms of non-dimensional rensin Figure 2.30B: the void-channel

Reynolds numbgiRe)and the void-channel fanning friction factfrdefined as [13,108]:

PVmuwoid Ahvoi 2P Vmpoid'H
Re = myoid ¢hyvoid _ myoid (219)
u u
_ Ap dpuoid
fote_t (2.20)
P vm,void

where v, is the average velocity along the main flow dii@cttin a corresponding
spacer-less (void) channel,\dq is twice the channel thickness H (2 in our case)
and p is the fluid viscosity (0.9 cP for the dilstdution and 1.88 cP for the concentrate).
As it can be seen, the two trends are very sirtol@ach other, being indeed almost. As a
consequence, they R net Values were calculated using the linear trendearbtof the

experimental points.
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Figure 2.30: Influence of feed flow velocity on tegperimental pressure drops. A) Experimental
pressure drops values. B) Fanning friction fac@adunction of Reynolds number. RED stack
(10x10 cnd, 10 cell pairs) equipped with Fujiflm membran2g0 um woven spacers.HaH = 2

M; CLow = 0.02 M; T = 293 K.

The resultingPq corrnetreported inFigure 2.29.B were found to be lower than zero for
all flow velocities being higher than 1.25 cm/sg($&gure 2.29B). As it can be seen, the
lowest flow velocity (~0.5 cm/s) among those testeds found preferable to maximize
the net power density under the investigated candit(Figure 2.29B). Actually, even
lower flow rates should be investigated in the fatin order to recognize the maximum
value ofPq,corr,net

A similar test was performed for the case of atdilaoncentration of 0.04 M
NH4HCO;, which was the value maximizing the corrected podensity (Figure 2.27B).
Corresponding results are shown in Figure 2.31ndsejuite similar to those relevant to
Ciow = 0.02 M were found with the main difference camcéhe Rsack trend. As a
difference from the case & ow = 0.02 M,Rsack €Xhibits here a decreasing trend as the
flow rate increases. This is allegedly due to thtuence of polarization phenomena,
which are in this case more relevant than the essitime effect (Figure 2.31A): at this
higher concentration (than the previous case),dihé¢e channel resistance is poorly

dependent on the residence time (Figure 2.31A).
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Figure 2.31: Influence of feed flow velocity on pess performance. A) OCV, stack resistance,
resistance of the diluted compartment. B) Grossguaensity, corrected gross power density,
corrected net power density. RED stack (10x18, d cell pairs) equipped with Fuijifilm
membranes, 270m woven spacers.fisH = 2 M; Gow = 0.04 M; T = 293 K.

The corrected net power density was calculatedguie same procedure already
described for the case 6fow = 0.02 M and is not reported again here.

These results confirm that (i) the highest powensitg is achieved at the lowest flow
rate and that (ii) flow velocities higher than 1/srare unsuitable for generating electric

power from the RED unit adopted in the presentystud

In conclusion, this work proved that MHCOs-water solutions may be conveniently
used in a RED-closed loop for converting low-grad&ste heat into electric current.
Results have shown that at a given flow rate {i.em/s) a dilute concentration of about
0.02-0.04M guarantees the largest power outputhédge values of concentration, under
the conditions here investigated, a maximum netguawtput of 2.42 W/Rgei parr can be
obtained at the lowest feed flow velocity (i.e. 6rb/s). On the other hand, feed flow rates
higher than 1 cm/s lead to negative power outputgbthe power loss due to pressure
drop larger than the power production.

Overall, the use of ammonium bicarbonate allowerktxh values of power density
comparable with the state-of-the-art of the REDcpss with conventional (NacCl)

solutions [104], although membranes are not opgudhiget for the use of this salt. Such
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finding suggests that ammonium bicarbonate couldah@omising salt for the RED
process. Furthermore, results highlight that the/grodensity achieved in this work is
three times higher than that reported by Luo eihah similar work [22] where the same
salt is used. The main difference has been idedtifi the much lower stack resistance,
likely due to an improved formulation of IEMs withlower thickness and higher ionic
conductivity, thus also emphasizing the potentalffirther technological improvements.
The work show in the next sections are deal with ‘ttegeneration” of the NHHCO;
solutions exiting from the RED-unit in order to @ss the final feasibility of the RED heat

engine for waste heat-to power conversion.

2.6.2 Ammonium carbamate

Among the thermolytic salt, a valuable alternatioe the salt extraction strategy is
ammonium carbamate salt (MEDONH). It has similar properties than ammonium
bicarbonate; at temperatures of 60 °C upwardsdbohposes completely into ammonia
and carbon dioxide.

Since the first years of 1900s, this salt was Wathwn in the agriculture industry
because it is the intermediate stage in the urébe@@NH,) production, a nitrogen-rich
fertiliser [109-112]. Recently, the formation of @wmnium carbamate from carbon
dioxide and ammonia has been extensively investijah aqueous and non-aqueous
solutions, for the greenhouse problem. This caa balid strategy for the GQapture as
such gas can be converted into feedstock and coesty in fertilizers [113,114]. It is
also studied as high energy density thermal enetgyage material [115] for its
thermosensitive characteristic.

Thanks to its properties, ammonium carbamate caexpdoited for the solution
regeneration in a SGPHE with really low temperature

According to the literature [66], the ammonium earfate (AmCb) is more soluble
than ammonium hydrogen carbonate (AmBC) in watesynd 40 % wt at 20 °C). This
property can be exploited in order to increaseRE® performance with thermolytic salts
because in this way can be increased the drivingefbetween the concentrated and
diluted solution. In order to confirm the literagéwalue of maximum solubility in water
of this salt, some basic tests were performed dhgnfpe concentration in water from

0.75 M to 8 M. Since 6M, after apparently compkedét dissolution, some salt started to
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precipitate back. During the dissolution, the soluttemperature decreases because the
process is endothermic and this can affect thebdiiu

Another important property of this salt is the coaiivity because this affect the
performance of RED system in terms of power prddacin Figure 2.32 are reported the

experimental values.
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Figure 2.32: Electrical conductivity of ammoniunrlzamate (AmCb) and ammonium hydrogen

carbonate (AmBc) at different concentrations (raemperature).

The values were measured by conductivity meter WiidfaComl 325. As can be
observed (Figure 2.32), the conductivity increaspsto a maximum value at 4M of
concentration than starts to decrease againniuish high if compared with ammonium
hydrogen carbonate.

After having analysed those basic properties, ge®gmental campaign was made in

order to investigate the performance of ammoniurbaraate with a lab-scale RED unit.

Experimental apparatus
The experimental campaign was performed with ascflosv reverse electrodialysis
(RED) module made by REDStack Company with 10x18 aihmembrane area with 5
cell pairs. The ion exchange membranes were prdbgid-ujifilm Manufacturing Europe
BV (The Netherlands) and 15@n woven spacers (Deukum GmbH, Germany) were used
as stack components. The properties of the used B reported in Table 2.4.
81



Table 2.4: Properties of the two sets of IEMs addph the experiments*.

Membrane Thickness Areal resistancé Permselectivity’
[um] [ cn] (%]

Fujifilm AEM E1 120 1.1 89 %

Fujifilm CEM E1 120 2.9 91 %

* Nominal data provided by membrane manufactur@rgusonventional (NaCl) solutions.
2 electrical resistance measured in 0.5 M NaCl st 25°C.
b permselectivity measured in 0.1 — 0.5 M NaCl ctiads at 25°C.

Comparing the properties of the Fujifilm E1 memlasiiTable 2.4) with the Fujifilm
RP1 (Table 2.1) membranes used in the ammoniumobgdr carbonate experimental
campaign, it can be seen that permselectivity aedl aesistance are slightly reduced. On
one hand the power energy producible can be rediiwedo a lower permselectivity but
in the other hand, probably the effect of lower rbeane resistance can affect much more
the energy production.

Fujifilm cation exchange membrane were employethi electrode compartments
and the electrode rinse solution was composed &f M. KsFe(CN), 0.1 M
K4Fe(CN)}-3H:O (Sigma Aldrich with purity 99.5%), adding 1.5 MHNCOONH, as
supporting electrolyte. A flow rate of 90 ml/mintime electrode compartments was kept
constant for all the tests.

The test rig is constituted by the RED unit andesalbtanks to contain inlet and outlet
solutions. A peristaltic pump with double head (MARFLEX L/S) was used to force
the concentrate and the dilute solutions to flowhimi the RED unit. Another peristaltic
pump (MASTERFLEX L/S) was used for pumping the #&iede rinse solution (ERS)
from a glass tank covered by aluminium foil to avdecomposition of the redox couple
due to light exposure.

The relevant process variables (stack voltage amckemt) were measured by two
multimeters. The conductivity of the feed solutiofith at inlets and outlets) were
measured by means of a conductivity meter (WTWakadri] 325). A variable resistance
(ranging between 0.7 — 54¢) was connected to the RED unit for testing theesys
under different load conditions. The feed solutiovere prepared with demineralized

water and ammonium carbamate (Sigma-Aldrich, pu@9%).
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Results and discussion

The RED unit was tested under different operatingditions, changing the feed
concentration of the dilute and concentrate sahstid-or all the tests was choice a feed
flow velocity of 2 cm/sec for the high and low coanpments because the pressure drops
measured were very low. For this reason, net poleesity was not calculated.

The best concentrate concentration for the powerggnproduction is highlighted
keeping constant the dilute concentration arblirati 0.05M of ammonium carbamate in
water and then fixing the best concentrate conagatr, the dilute concentration was
changing to find the overall best condition.

It was measured the black resistance (0.834ssembled the stack with only one
membranes and applying an external current. Thisevavas used to calculate the
corrected power density in all the test becausesttmee stack and the same electrolyte
concentration was used in all the experiments.

A summary of the tests presented is reported ifeT2l5.

Table 2.5: Summary of experimental tests presentéds work."

Dilute concentration, CLow Feed flow velocity,v
[M NH 4COONH;] [cm/s]

Influence of concentrate concentrati@Gr)? 3-4.2-5 2

Main focus of the tests

0.005-0.01-0.02 -
0.03-0.05

"Overall conditions: RED stack (10x10 &0 cell pairs) equipped with Fujifilm membranes E50um woven
spacers. pbw = Viigh = 2 cm/sec; T = 293 K.

a Concentration of dilute solution is fixed at 0.05M

b Concentration of concentrate solution is fixedMt 5

Influence of dilute concentratiol ow)° 2

I nfluence of concentrate solution

The ammonium carbamate has high solubility in wates can contribute to increase
the driving force of the salinity gradient betwd#gh and low compartment. On the other
hand, higher concentration means lower permselgctind lower membrane resistance.
The influence of this parameters was investigatemhging the concentration from the
maximum concentration achievable with ammonium aardte in water at room
temperature (5M) to a lower concentration (3M) #mel concentration that according to
Figure 2.32 gives the maximum conductivity valugi4).

All the main results are reported in Figure 2.33:
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Figure 2.33: Influence of concentrate concentraffoicH) on process performance. A) OCV, stack
resistance. B) Gross power density, corrected grosger density. Cross flow RED stack (10x10
cn, 5 cell pairs) equipped with Fujiflm membranes, ES0um woven spacers. 6w = 0.05 M;
T=293 K.

The OCYV slightly increases when the high conceiatngiCuicr) is increased from 3M
to 5M while the stack resistance markedly decrefrees 3M to 4.2M maintaining the
same value at 5M (Figure 2.33A). The OCV does matease rapidly because the
electrical conductivity in the range 3M-5M does awgidently change. On the other hand,
the stack resistance changes because it is straffghted by low compartment.

If the high concentration goes toward higher valtigis has an indirect effect also in
the other compartment. Increasing the gradientenation increases the amount of salt
that pass through the membranes growing the medamentration in the dilute channel.
This effect is also reported in literature [116].

These two opposite effects influence the stackoperdnce, in particular at 5M the
power density reaches its maximum value (1.76 %ma) and consequently the

maximum corrected power density (3.02 Vimpai). The trend is shown in Figure 2.33B.

Influence of dilute solution
The dilute concentration has an important effecttltom power density due to its
influence on stack resistance and driving forcepanticular, the stack resistance is the

sum of different contributes: the resistance ohtagd low compartment, the resistance
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of AEM and CEM and the blank resistance. The cotmaéon of dilute solution is directly
correlated to the resistance of low solution cortipants (in some case more than 50% of
the total stack resistance [103]) and on the mengbrasistance as discussed in the
previous paragraph.

The main performance parameters are measured clgatingi low concentration from
0.005M to a maximum value of 0.05M keeping constast best value found for the
concentrated solution (5M).

The results are shown in Figure 2.34:
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Figure 2.34: Influence of concentrate concentraffénicH) on process performance. A) OCV, stack
resistance. B) Gross power density, corrected grosger density. Cross flow RED stack (10x10
cn?, 5 cell pairs) equipped with Fuijifilm membranes, E50um woven spacers..6w = 0.05 M;

T =293 K.

The grown of dilute concentration allows a reductaf OCV and stack resistance
(Figure 2.34A). Both parameters influence the powensity performance but the
resistance has the strongest effect. The maximuwepdensity (2.08 W/l pai) iS
obtained at 0.01M of ammonium carbamate and thisevalecreases when the
concentration increases (Figure 2.34B). Neverteld® maximum corrected power
density (3.02 W/ pai) is 0btained when the concentration is equal@®, due to the
marked effect of stack resistance while the OCVngea only lightly from 0.01M to
0.05M.
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2.6.3 Performance comparison between ammonium hydrogen daonate
and ammonium carbamate

The performances of the two selected thermolytittsseammonium hydrogen
carbonate and ammonium carbamate, in terms of poeesity and corrected power
density, are comparable (paragraph 2.6.1 and mphd?.6.2). Nevertheless, the values
were measured with different stacks and differequeeimental conditions. In order to
compare directly the results, the test-rig usedtha experimental campaign with
ammonium carbamate was also exploited with ammoniydnogen carbonate, selecting
the best condition found in the previous work @€&2M — 2M).

In order to calculate the corrected power densiity,blank resistance (0.6T2 was
also measured with the electrode solution made Hy M KsFe(CN)}, 0.1 M
K4Fe(CN)}-3HO (Sigma Aldrich with purity 99.5%) and adding 1 NHsHCQs. The
blank resistance with ammonium hydrogen carborsadightly higher than ammonium
carbamate due to a lower salt concentration andsexprently lower electrical

conductivity. The main results are showrFigure 2.35
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Figure 2.35: Performance comparison between ammomiydrogen carbonate (or ammonium
bicarbonate - AMBC) and ammonium carbamate (Am@B)OCV, stack resistance. B) Gross
power density, corrected gross power density. Cfiesgs RED stack (10x10 ci 5 cell pairs)
equipped with Fujifilm membranes E1, 1566 woven spacers. AmBC:.6v = 0.02 M and GicH
=2M; AmCB: Gow = 0.01 M and Gien = 5M; T = 293 K.
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The performance of ammonium carbamate, in ternsowfer density and corrected
power density, is better than ammonium bicarbomdtie the same experimental set-up
and conditions. This result depends by higher O@Merand lower stack resistance.

However, the corrected power densities are companatth ammonium hydrogen
carbonate reported in Figure 2.31 at 2 cm/sec aedbest results with ammonium
carbamate. Furthermore, it is necessary a saltetration (5M) much higher than
ammonium bicarbonate (2M) in order to obtain a posemnsity around 3 W/ pair With
ammonium carbamate. A higher gradient means alsigleer amount of salt that pass
through the membrane that have to be regeneratbé. dmmonium carbamate
regeneration also need a higher temperature thamaim hydrogen carbonate.

In view of the above, the ammonium hydrogen cartmmeas selected as the best
thermolytic salt for a deep study on the regenenatitage with simulation tools and

experimental tests.

2.6.4 New ideas for RED high performance with thermolyticsalt

Different ideas were applied and investigated imleorto improve the RED
performance with thermolytic salts.

One of the main problem with ammonium hydrogen cadbe is its relatively low
solubility in water. To increase the amount of $ladtt can be solubilized, it was added a
certain amount of ammonia making different testditiérent concentration. Increasing
the concentration increases the driving force beedloere is a higher salinity gradient.

As already mentioned, the stack resistance is glyaaffected by the low electrical
conductivity of dilute solution. In order to try 8mlve this issue, some tests were made
adding a small quantity of another salt in suchay that the stack resistance decreases

because increase the conductivity of the dilutefamment.

Ammonium hydrogen carbonate with ammonia

All NH 3-CO»-based salts are soluble in water but ammoniumdgedr carbonate has
the lowest solubility among the thermolytic saltodover, their solubility depends also
on the temperature, as shown exemplary fouHNED; in Table 2.6. It should be noted
that both lower solubility values [97,117,118] ahigiher solubility values [119] are
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reported in the literature. According to [119], gw@ubility limits of NH\HCO; at 20°C is
equal to 2.78 mol/l.

Table 2.6: Solubility of NeHCOs in water depending on the temperature [66]

NH4HCO3-H,0

Temperature [°C] Solubility [mass fraction] Solutyil[mol/l]

0 0.106 1.40

10 0.137 1.84

20 0.176 2.39

25 0.199 2.72

30 0.224 3.09
40 0.279 3.90

50 0.342 4.80

60 0.414 5.81

When NHHCO:; is dissolved in water, the following chemical difpuia are
established [120,121]:

NH,HCO3( < NHf + HCO3 [2.3]
2H,0 & Hy0% + OH~ [2.4]
NH; + H,0 & NHf + OH~ [2.5]
CO, + 2H,0 & HCO3 + H;0% [2.6]
HCO3 + H,0 & CO3™ + H;0% [2.7]
NH; + HCO; < NH,C00™ + H,0 [2.8]

where NH' is the ammonium ion, HCOis the bicarbonate ion, ;8" is the
hydronium ion, OHis the hydroxide ion, C€ is the carbonate ion and MEOO is the
carbamate ion.

When only NHHCG; is dissolved in water and there is no outgassiheg, ratio
between nitrogen and carbon compounds is unity,H@@s ions are the main carbon
species in the solution. Increasing the ratio betwatrogen and carbon compounds, e.g.
by adding aqueous ammonia solution, the amount QOO0 ions (according to
equilibrium previously presented) and, to a lessdent, of C@ ions in the solution
increases, while the amount of HE@ns decreases [118,122,123]. Thus, addition of

agueous ammonia to a saturatedsNBO; solution allows the adding of a further amount
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of a NH:-CO.-based salt without the incidence of salt precijatasince the excess of free
NH3; favours the formation of NINH,COO, which is by far more soluble than MCO;
itself [124]. Following this characteristic, batelkperiments were made in order to test
the possibility to use NHHCO; with ammonia at higher concentration than its mmasn
solubility in water.

A specific amount of pure NHHICO; (SIGMA-ALDRICH Co. LLC) was added to
distilled water in a glass flask (50 ml) in ordergain an NHHCO; solution/suspension
with the initial concentration of 1 mol/l to 4 mio{feferred to 50 ml liquid). After a short
time of mixing, a specific amount of aqueous amrmaofl5 % by weight, SIGMA-
ALDRICH Co. LLC) was added by use of a pipetteriday to gain an initial concentration
of 0 to 3 mol free NHlper litre solution/suspension. The liquid was rdixe the flask,
which was closed with a lid, for 10 minutes at astant temperature of 25°C + 0.2°C.
After the mixing, the dissolving of the salt wasecked. Furthermore, the conductivity
and the pH of the liquid were measured at a cohstanperature of 25°C + 0.2°C.

The measurement of the conductivity was accomgidhe use of the conductivity
meter WTW — LF 196. Measurements were conducteltbwittemperature compensation
since the temperature was kept constant in eacBureraent.

The pH values of the solutions were measured wifHameter XS Instruments 8
Series. Also in this case, measurements were meefbr without temperature
compensation. The pH meter was calibrated routimélly standard buffers with a pH
value of 7, 4.01 and 10.01 respectively at a conseanperature of 25°C + 0.2°C.

The measured pH and conductivity values of the aggieNHHCOs;-NHs-mixtures
are shown in Table 2.7 and Table 2.8. Additionatlis noted in the tables if the salt was
fully dissolved or not.

A white background of the respective table itern#igs that the salt was fully
dissolved, while a grey background signifies thlaé salt was not dissolved. The
experimental pH values match theory in a qualiativay. The higher the initial
concentration of free N§ithe higher the pH of the liquid, as expected freaction [2.5].
The higher the initial concentration of MHCOs, and thus the initial concentration of
HCOs, the lower the impact of free NHon the pH since a high concentration of HCO
ions favours the consumption of Mida reaction [2.8] which has no direct influence on
the pH.
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Table 2.7: Measured pH-values of aqueoussfEs-NHs-mixtures at 25°C; the grey cells
highlighted the condition in which the salt is wompleted dissolved.

pH [-] Cynz[mol/1]
Cn,Hco, [mol/1] 0 1 2 3
1 7.66 9.48 9.87 10.17
2 7.74 9.05 9.65 9.98
7.86 8.62 9.32 9.62
4 7.82 8.48 8.88 9.41

Furthermore, it can be seen that the adding of @i H; to oversaturated NAHCO;
suspensions can lead to a complete dissolutidredfdlt due to the formation of NEIOO
from HCGOy ions in accordance with reaction [2.8]. A compléigsolution of salt in a 3
molar NHHCO; suspension occurs when the initial concentratidnee NH; is 1 mol/l,
while a complete dissolution of salt in a 4 moldisNCO; suspension takes place only
when the initial concentration of free Ni$ 3 mol/l.

As can be seenin Table 2.8, also the conductigityes match the theory qualitatively.
The increase of the NHCO; concentration leads to a strong increase of theuctivity
until the solubility limit is reached.

In solutions, the increase of the Blidoncentration results generally in a smaller
increase of the conductivity since the total amafribns in the solution is not changed
but only their distribution. The increase of the Ntdncentration in suspensions can lead
to a stronger increase of the conductivity than thasolutions as the presence of NH

leads to an increasing amount of dissolved salt.

Table 2.8: Measured electrical conductivity of asuse NHHCOz-NHs-mixtures at 25°C; the grey
cells highlighted the condition in which the saliiot completed dissolved.

Cnn, [mol/1]
Cn,Hco, [mol/1] 0 1 2 3
1 69.1 79.0 83.9 82.8
2 119.7 125.6 131.3 133.8
146.9 156.1 165.2 165.7
144.9 163.3 169.6 174.9
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Thus, NH-CO,-based salt solutions with much higher salt conations than that of
NH4HCO; solution at its solubility limit can be producetdthe presence of aqueous NH
These solutions can be used in a RED units in dodgenerate a greater salinity gradient
between concentrate and dilute solution, which riiggd to greater power densities and
efficiencies of the system.

A test with a cross flow RED stack (5 cell pairsaisvmade using a solution of
NH4sHCO; and NH equal to 3M and 1M, respectively. The results wammpared with
the “standard” solution of NHHCO; at 2M. The diluted solution concentration was for
both the tests equal to 0.02M. It was used the sasteig exploited for the experimental
campaign with ammonium carbamate (paragraph 2.h@)same feed flow velocity and
the same electrode solution were fixed.

The main results are showigyure 2.36
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Figure 2.36: Performance comparison between purédH¢O3 (2M) and a mixture of NH4AHCO3
(3M) and NH3 (1M). A) OCV, stack resistance. B) &8@ower density, corrected gross power
density. Cross flow RED stack (10x10 cm2, 5 celtg)aequipped with Fujifilm membranes E1,
150 um Deukum woven spacers. CLOW = 0.02 M; T = 293 K.

As can be observed iRigure 2.36 the OCV with 3M of NHHCO; (electrical
conductivity equal to 158.8 mS/cm) is slightly héglthan “standard” condition (electrical
conductivity equal to 119.5 mS/cm), nevertheless ghwer density and the corrected
power density have the same value because thergtsiskance is slightly higher.

This idea was rejected because the results werasratpected.
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Mixture of NH4HCOs and NH4COONH:2

The use of mixtures instead of pure salts can @seréhe performance of RED unit
because it acts on important parameters. Normtdby,idea works if the two salts are
selected in such a way that they have good elettdonductivity and high activity
coefficient. This is not fully the case, but addamgmonium carbamate at a solution with
ammonium bicarbonate can be obtained a solutidmhigther electrical conductivity than
pure ammonium bicarbonate. At the same time, thermeration stage can be operated in
the range 40-60 C° because in that range, in thealy ammonium bicarbonate, is
degraded and reabsorbed in the low solution comegant

Following this idea, different mixtures of the téi@rmolytic salts were tested in order
to improve the performance of pure ammonium hydnoggrbonate. Moreover, in this
case, both salts are M&O,-based salt, so the salt extraction strategylisagiplicable.

The experimental campaign was performed with ascflosv reverse electrodialysis
(RED) module made by REDStack Company with 10x1®a@imembrane area. The cell
pair number was fixed at 5 for each test perforniéga: ion exchange membranes were
provided by Fujifilm Manufacturing Europe BV (Theettherlands) and 150m woven
spacers (Deukum GmbH, Germany) were used as stagganents. The properties of the
used IEMs are the same reported in Table 2.4.

The comparison of the main results is reportedgurfe 2.37.

A mixture between the two thermolytic salt givesdne such specific conditions
higher performance than pure ammonium bicarboredte The corrected power density
with a mixture 1.5M of AmBC and 1.5M of AmMCB is 20Btgher because the OCV is
higher and the stack resistance is lower compaitdpure salt.

The results are slightly lower than the pure ammencarbamate discussed in the
section 2.6.2 but with this mixture, in theorypaver regeneration temperature is needed

given probably the possibility to increase theadincy of the overall integrated system.
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Figure 2.37: Performance comparison between pureH@&s (2M), a mixture of NHHCO3
(1.5M) and NHCOONH: (1.5M) and a mixture of NHHCOs (1M) and NHCOONH: (3M). A)
OCV, stack resistance. B) Gross power density,ected gross power density. Cross flow RED
stack (10x10 ¢ 5 cell pairs) equipped with Fujifilm membranes, E50 um Deukum woven
spacers. (bw = 0.005 M of NHHCO;z and 0.005M of NEHCOONH; T = 293 K.

Mixture of thermolytic salt and other selected salts

The power density and the corrected power densityrdluenced by some properties
of the selected salt, such as electrical condugtand activity coefficients but also by the
RED unit itself, such as the channel thicknesstaedon exchange membranes. All of
these characteristics influences the OCV valueth@dtack resistance which in turn give
the maximum power density and corrected power tiensi
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Rearranging the equation (2.12) and equation (2si®ktituting at B: the stack
resistance, the following equation are obtainegressing the maximum value gained for

power density and corrected power density.

ocv?
4RstackNA

Pdax = (2.21)

Pd corr max = oo (2.22)

R ell
R 1+C€)2 N4
stack( Rstack)

All the terms are previously defineds 8nd R cormaxare both expressed as (Wgnpai).
However, the stack resistance is the sum of altdbistance in stack and can be expressed

as following:

Rstack = Rapm + Recem + Ruign + Riow + Rpiank = Reen + Rptank (2.23)

Taking as example the tests with ammonium hydragehonate (2M — 0.02M at 1
cm/sec), the resistance of cell compartments israt@0% of Rack Almost 55% of Re
is the resistance of the low compartment. Thisresistance can be calculated as the sum
of the ratio between the channel thickness aneléarical conductivity of the solutions.
Maintaining the same stack configuration and thendame channel thickness, the only
way to decrease the resistance of the dilute cthasite increase the concentration and
consequently the electrical conductivity but insthway the power density decreases
because the salinity gradient decreases.

A new idea to solve this issue is to add a cedaiount of “support” salt at the same
concentration in the dilute and concentrate sahutidth high electrical conductivity.
Likely, the second salt at the same concentratidhé concentrated and diluted channel
do not move, increasing the electrical conductiintthe compartments and consequently
reducing the stack resistance. With the purposenfirm experimentally the idea, several
tests were made with mixtures of thermolytic saitd other selected salts (NaCl and KCI).
The test-rig described in the previous section a® used in all these tests. The
concentration and the electrical conductivity o #olutions are reported in Table 2.9
while the comparison results between pure ammorbicarbonate (AmBC) and salt

mixture are reported in Figure 2.38.
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Table 2.9: Experimental electrical conductivitywed for pure and mixed salts with AmBC.

Sample HIGH LOW HIGH LOW
composition composition [mS/cm]  [mS/cm]
Pure AMBC | AmBC (2M) AmBC (0.02M) 114.8 2.09
Mix 1 AmBC (2M) + NaCl (0.5M) | AmBC (0.02M) + NaCl (0.5M)  105.4 44.8
Mix 2 AmMBC (2M) + KCI (0.5M) AmBC (0.02M) + KCI (0.5M) 154 60.6
Mix 3 AmBC (2M) + KCI (0.02M) | AmBC (0.02M) + KCI (0.02M)[  114.2 4.72
g
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Figure 2.38: Performance comparison between purddids (2M), a mixture of NHHCOs (2M)
and NacCl (0.5M), KCI (0.5M) and KCI (0.02M), respigely. A) OCV, stack resistance. B) Gross
power density, corrected gross power density. Cflosg RED stack (10x10 cfn 5 cell pairs)
equipped with Fujiflm membranes E1, 1%0n Deukum woven spacers.dw = 0.02 M of
NHsHCGOs with 0.5M of NaCl, 0.5M of KCI and 0.02M of KClespectively; T = 293 K.
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In the first mixture (Mix 1), ammonium bicarbonadé standard condition (2M —
0.02M) is mixed with sodium chloride at 0.5M in baltilute and concentrate channels.
The electrical conductivity in the dilute channedsnincreased but unlikely the opposite
behaviour was obtained in the concentrate char{fielsle 2.9). This gave a really low
OCV and high stack resistance producing insignifienergy (Figure 2.38). A different
salt was searched in order to improve the effett@tupport salt. In particular, imagining
that the conductivity of the mixture was a valu¢ha middle of the pure salts, potassium
chloride was chosen due to its high conductivitycdmpared with NaCl at low
concentration.

The second tested mixture (Mix 2) is composed bgnamum bicarbonate at standard
condition (2M-0.02M) and potassium chloride (0.5Nihe electrical conductivity values
is better than NaCl (Table 2.9), giving a threeeiniower stack resistance than pure salt
but unfortunately a pure OCV due to a small drivioige gives a low power density even
if higher than NaCl (Figure 2.38).

The third mixture (Mix 3) is composed by ammoniurcabbonate at standard
condition (2M-0.02M) and potassium chloride withlig low concentration (0.02M). The
small amount of support salt reduces only slighthg electrical conductivity of
concentrate solution but the value for the dilututiton becomes twice than pure salt
(Table 2.9). Even if the OCV value is reduced,stexk resistance is almost half of pure
AmBC producing almost 17% higher power density &6 higher corrected power
density (Figure 2.38).

The result obtained with Mix 3 is the best res@t®r obtained with ammonium
bicarbonate using a RED stack, higher than resldteribed in the section 2.6.1 and
results reported in the literature [97]. Similastsewere made with ammonium carbamate.

The salt mixture composition and the electricalcrariivity are reported in Table 2.10.

Table 2.10: Experimental electrical conductivityues for pure and mixed salts with AmCB.

Sample HIGH LOW HIGH LOW
composition composition [mS/cm]  [mS/cm]
Pure AMCB | AmCB (5M) AmCB (0.01M) 162.7 1.23
Mix 1 AmMCB (5M) + KCI (0.01M) | AmCB (0.01M) + KCI (0.01M)| 163.4 2.61
Mix 2 AMCB (5M) + KCI (0.02M) | AmCB (0.02M) + KCI (0.02M)|  163.6 3.78
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The comparison between results with pure ammoniniagnate and mixtures of this

salt with potassium chloride are shown in Figu&92.
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Figure 2.39: Performance comparison between pusEIONH: (5M), a mixture of NHCOONH:
(5M) and KCI (0.01M) and KCI (0.02M), respectivel) OCV, stack resistance. B) Gross power
density, corrected gross power density. Cross RED stack (10x10 ¢t 5 cell pairs) equipped
with Fujiflm membranes E1, 150m Deukum woven spacersidw = 0.02 M of NHCOONH:
with 0.01M of KCl and 0.02M of KCI, respectively; 293 K.

The results with pure ammonium carbamate are $figlifferent than other tests
(2.6.2), this due to a different electrode solutiqd.1M KsFe(CN), 0.1M
K4Fe(CN)- 3H0O and 0.5M NHCOONH,, blank resistance equal to 0.851 The power
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density is lower even if the corrected power derisitapproximately the same. The Mix
2 gives the best results compared to pure saltMird3. The OCV is lower than pure
AmCB but the lowest stack resistance allows to peedhigher power density and
corrected power density.

However, unfortunately it was demonstrated that shpport salt moves from one
channel to the other in the stack. The amount tfgsdum ions before and after a test with
a Mix 1 was measured by means of ICP-AES device.arhount of potassium changed
from 350 mg/l £ 5 in the inlet solution to 203 mg#l5 in the outlet solution.

This behaviour can lead this solution inapplicaithn SGPHE. More investigations
are needed in order to better understand if thi®ojs applicable or not but this is out of

the PhD work reported in this manuscript.
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Simplified model for Reverse Electrodialysis unit

3 SIMPLIFIED MODEL FOR REVERSE ELECTRODIALYSIS UNIT

Abstract

A number of process models have been proposedémtrgears for the RED process,
but all of them dealt with NaCl-water solutions. iFtchapter presents a lumped-
parameters RED model able to predict the performafithe unit with 41 different salts-
water solutions. The model describes all the maanpmena involved in the RED process
considering actual solution and membrane propefteseach salt. The model was
validated comparing experimental results of fivpresentative salts (i.e. NaCl, ME,
ZnCl, CsCl and NEHHCOs) with model predictions.

Specific sensitivity analysis were performed foe tive selected salts in order to
analyse the effect of different operative paransetarch as feed flow velocity in the
channel, concentrations of the high and low sohgtiand membrane properties on system

performance.

* Part of this chapter has been published as:

- M. Bevacqua, A. Carubia, A. Cipollina, A. TamburiM. Tedesco, G. Micale, Performance of
a RED system with Ammonium Hydrogen Carbonate Bwigt Desalination and Water Treat.
3994 (2016) 1-12.

- M. Bevacqua, A. Tamburini, M. Papapetrou, A. Cipwl G. Micale, A. Piacentino, Reverse
electrodialysis with NeHCOs-water systems for heat-to-power conversion, En&gyy(2017)

1293-1307
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Simplified model for Reverse Electrodialysis unit

3.1 RED model introduction

A number of process models have been proposedcanteears for a RED unit
[72,125,126], but all of them dealt with NaCl-wasefutions. In this chapter, a model will
be presented to manage 41 salts including foritsetime NHHCOs-water solutions.

The development of good model, even if simplifiedn help the research in the
reverse electrodialysis field using artificial sodum instead of a natural one. Given the
preliminary nature of this work and the broad sirity analysis carried out, a number of
simplifying assumptions have been made during tleehformulation. In particular,

some non-ideal phenomena were neglected:

- water transport through membranes due to osraaticelectro-osmotic flux;
- concentration polarization phenomena,;

- parasitic currents in the manifolds.

Other simplifications:

- all solutions and cell pairs variables were eat#dd at the average conditions between
inlet-outlet of the feed channels;

- solutions flow rate variations between inlet andlet were neglected.

Some of the salts were selected and experimestslwere made in order to validate

the model.

3.2 Model equations

The evaluation of the physical properties represséme first modelling step. All the
salt physical properties were collected from litera works and from handbooks [66,67]
but they are represented and reported in diffes@yt In order to overcome this problem,
each property is described by one equation depgndity by different parameters
function of the salt under investigation. In thiaywthe same model can be used for each
salt, only this parameters were automatically cledng

The equivalent conductivity was estimated usinge§and Dole’ equation [127]:

N[

ApC

A=Ay — - —C,C (3.1)

1+BpC2
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wherey is the equivalent conductivity of salt at infind#ution, A4, B4, C, are model
parameters used for fitting, afdis the molar concentration.
The solutions density was estimated as a lineastiium of the molal concentratian

for both the dilute and concentrated solutions:

p=pw+ (AA—:;)m (3.2)

wherepy is water density (0.997 kg/l) at 25°C, and theslof the line were evaluated
by fitting experimental data from literature [67].

The activity coefficients were estimated by Staplgsation [128]:

— 0.5
lny = TaZlaym 7 C,m + D,m* + E,m> (3.3)

0.5
1+Bym

where A = 1.17625 k§>mol*?, m is the molality of the solution (equal to tlaic
strength, for 1:1-valent electrolyte [5]),and zare the cation and anion valence numbers,
respectively. The coefficients,BC,, D,, E, are evaluated for each investigated salt by
fitting experimental data collected from the litena [67].

Some of the equations that are following reportedadready described in the previous
chapter but for a simplicity of reading some ofsthare again presented below.

As shown in the chapter 2, the membrane propedégsend by the salt. Both
membrane resistance €R) and permselectivity) are affected also by the concentration,
in particular dilute solution for membrane resis&@rand concentrate solution for the
permselectivity. A relation, as a function of contrate solution, was introduced to better
predict the permselectivity) value when the concentration is changed. Thenpeters
were calculate by means of experimental tests dualhthe salts were tested and for the
last ones were considered the standard valuesuE90%:; a aem: 65%) calculated for
NaCl (5M-0.05M). For the membrane resistances atstavas considered fixed
experimental value measured at 0.5M with the sits stack (2.2.2). The values of NaCl
(Rcem=2.96*10* Q m?; Raem: 1.55*10% Q nr) were used in those cases where no

experimental values were available. However, inescases, relations were introduced as
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function of solution concentration derived fromcitaneasurements for a better tuning of
the model.
The permselectivity for the anion and cation exggamembranes are estimated with

the following equations:

QAEM = AaEM CI-ZIIGH + bagmCricn + Capm (3.4)

Xcem = Acem CI-ZIIGH + beemCricn + Ccem (3.5)

where Gien (mol/lt) is the concertation of concentrate santivhile agwm, baem, Caem
and &ewm, bcem, Ccem are the parameters for the anion and cation exgharembranes,
respectively. The permselectivity is reported as@etage [%].

The electric voltage generated by each cell pas gaculated by Nernst's equation
[129]:

_ RT YHIGH CHIGH
Ecen = (acpm + appm) —In (—) (3.6)
F YLow CrLow

whereR is ideal gas constarni,is temperature anfd is Faraday’s constant.

The corresponding Open Circuit Voltage was estithake
OCV =N Ece” (37)

whereN is the number of cell pairs composing the entiaels

The channel ohmic resistances were calculatedllasvi

_ SLow _ SHIGH
Riow = fn A C Ruyin = fa A c (3.8)
Low CLow HIGH CHIGH

wheredLow, dnicn are dilute (i.eLOW) and concentrate (i.¢dIGH) compartment
thicknessed, is the spacer shadow factor perpendicular to thmibnane evaluated equal
to 1.212. It takes into account the presence obmaonductive spacer between two

subsequent membranes. Note that the spacer isthéetteprovide dimensional stability
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to the channel (by keeping adjacent membranes ateplyrand (ii) to enhance mixing
within the channel thus minimizing the polarizatgmenomena (not accounted for by the
model) [108,130,131]. The same woven spaceuvhick was considered in the two
channels.

Clearly, the electrical resistance of the cell pain be easily estimated as:

Reenn = Riow + Ruign + Rapm + Reem (3.9)

The overall electrical resistance of the wholelstac

Rstack =N Rcell + Rblank (310)
where Ryank is the electrical resistance of the electrodic partments which was
experimentally estimated and changed for eachtbaltstandard with NaCl (5M-0.05M)

was used only when the value was not availabléhfatr specific salt.

OnceOCV andRsiackhave been defined, the voltage arising when ttoiitiis closed

on an external load can be defined as:

Estack = OCV — Rgaer j (3.11)

wherej is the electrical current density circulating tighout the stack given by:

— Estack (312)

Rext

where Rex: is the electrical resistance of the external Idadan be mathematical
demonstrated that the achievable power densitybeamaximized when this external

resistance is equal to the internal one R@cy [103]:

Rstack = Rext (313)

As a consequence, this condition (3.13) was aduléukt model.
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Thanks to the existing driving force between twgaadnt channels, a salt flux occurs.
It results from the sum of two different contritaris: the one relevant to the counter-ion
transport, which is a coulombic term and the otHag to the non-ideality of membranes,
relevant to the co-ion transport which is accourfitedia a phenomenological expression.

In formula,

j Dsait(C in—C in
]salt — ﬁ + 2 lt( HIGH, LOW, ) (314)

Sm

wheredn is the IEM thickness chosen equal to 1.25E-4matieg to the experiments
which will be used for model validatioDsait is the co-ions diffusion coefficient, formally
analogous to a salt diffusion coefficient, whichultbbe directly derived from membrane
permselectivity. A constant value of 10m?/s was assumed for this term [17]. This
assumption has been already considered as moreciiaie since the co-ion contribution
to overall flux was found much lower than the conltic one. Note that the factor 2
accounts for the presence of both membranes of paie Once the salt flux is known,

the mass balances in the RED unit can be closethdocase of the diluted channel:

Jsalt A
Crow,out — CLow,in = _Qsa . (3.15)
Low

where A is the membrane area aflow is the flow rate circulating in the dilute
compartment. Clearly, a corresponding equation lsanwritten for the case of the
concentrated channel where the term on the rigid kale will be negative. Flow rate can
be derived from the solution velocityow once the membrane area and widthnd the

channel porosity (due to the spacer presence) are known:
Frow = N vyow 80w b € (3.16)

On the basis of measurements performed on the ispagdoyed in the experiments,
channel porosity was found equal to 82.5%.
Finally, as process output, the power density pteduby the RED unit can be

calculated as follows:
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p, = % (3.17)

At lab-scale whereN is quite low, Ruank is not negligible compared t&stack
Conversely, at larger scale, electrodic compartmesistance is known to be irrelevant.
Thus, a corrected power dendfycor can be calculated on the basis ofarfected stack
voltage, which does not take into accountRhe contribution [72,132].

All the model equations were implemented in Expeéadsheets along with purposely

developed macros.

3.3 RED model with NHsHCO3 solutions

The simplified RED model previously described wapleed for the first time at
ammonium hydrogen carbonate. The parameters faohtiisical properties are collected
from literature whereas the membrane propertiesvel@ifrom the tests described in the
section 2.6.1. In particular, the parameters fergfuivalent conductivity were calculated
by fitting with equation 3.1 the experimental résufeported in the Handbook of
Chemistry and Physics [66].

Ao= 90; A\=41.55; Bi=0.6023; G=0 (3.18)

The quality of the fitting obtained is reported kigure 3.1 which shows a good
agreement between experimental data and equatigor&dictions in the whole range of
concentration investigated in the present work. yOat high values of solution
concentration, the small discrepancies found, éhilthe worst case a maximum error
being always way below 5% (Figure 3.1b).

Instead, the parameter for the density was evaluagditting experimental data from
literature [67]:Ap/Am=0.0324 kg (mol I). The quality of the fitting is high; as mde
observed in Figure 3.2 there is a very good agreemmeany value of molality with

maximum discrepancies always lower than 0.5% (lEigub).
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The activity coefficients were assessed in a dfferway than described in the

previous section because these data are not deailatiterature. The values were

estimated by taking advantage from the processlatotuAspen Plus® along with the

ENRTL-RK electrochemical thermodynamic package. Tdilewing linear dependence

of the activity coefficients on salt molar concaitsn was found:
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y = —0.1366 C + 1.0007 (3.19)

Membrane resistance was considered as dependeafdion concentration, while,
for the sake of simplicity, a constant membraneselectivity (iaem , dcem) wWas used
and equal for both membranes to 75.4% based onimgrgal measurements (2.6.1).

The relation between membrane resistaRaeMandRcem) and solution concentration
was extrapolated by experimental data collectedrides] in the section 2.6.1: bo®aewm
andRcem were found dependent on the dilute solution cotmaéan Cow, as expected,

according to the following empirical equation:

RAEM = RCEM = 0.0002 - (CLow)_0'236 (320)

Note that the equation reported above is the samarfion and cation exchange
membrane because only the average value betweéndiraembranes can be calculated
via power density measurements (2.6.1).

The blank resistance was experimentally estimage@lG10682 n? as reported in the
section 2.6.1.

3.3.1 Model validation

The model described in the previous section wasddsy making use of experimental
data collected and reported in the section (2.€ihure 3.3A shows the dependences of
OCV andRsiack On the concentration of the diluted solution ategiCricn and solution
velocity (set equal foHIGH andLOW channels). As it can be seen, there is a very good
agreement between the model proposed and the teallegperimental data: ti@CVwas
found to decrease & ow increases because of the driving force reductimthe other
hand, the increase @iow leads to a reduction of the correspondiagw, which is the
controlling addendum ifRstack Calculation. These two competitive effects resutib an
increasing-decreasing behaviour of the power tréeplicted in Figure 3.3B, which is well

predicted by the model: only a slight disagreemeas observed.
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Figure 3.3:Comparison between model and experimental resoftaence of dilute concentration
on process performance. A) OCV and stack resistaBgdé®ower density and corrected power
density. RED stack (10x10 &m0 cell pairs) equipped with Fuijifilm membran2g0 um woven
spacers. GicH = 2M; Wich=viow= 1 cm/s, T = 298 K.

The effect of solution velocity at fixeOuicn (set at 2M) an€CLow (set at 0.02M) was
also investigated and shown in Figure 3.4. Note tta choserCxich andCLow are the
ones maximizing the power production in the presigtaph.

As shown in Figure 3.4A, the model is able to peethie slight increase @CV with
solution velocity due to the fact the membrane reokeideal and also co-ions can pass
through. The higher the velocity, the lower thedesce time, the less evident the effect
of velocity onOCV which reaches a plateau both in experiments amckgs simulations.
Such effect is mainly related to the lower residetime inside the stack that allows a
practically constant driving force between inlettleuto be maintained. Residence time
also affects the resistance of the stack (Figu#é)3which is mainly due to the dilute
channel conductivity: as the dilute velocity in@es, its concentration is less increased
by ion transfer within the system thus resultingia higher resistance. This occurrence
is well predicted by the model, notwithstanding exxmental data are slightly scattered.
OCVincrease anfRsiack decrease represent two competitive effects whield ya power
production poorly dependent on solution velocitig(ffe 3.4B): only a slight increase of
the power vs velocity trend was found thus sugggdtiat, at the conditions of Figure 3.4,

OCVeffect is prominent than th.ccone. The experimental and model datBgfFigure
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3.4B) are in a good agreement, while some underatitin can be observed for the case

of Pd,corr.
5
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Figure 3.4: Comparison between model and experaheggults. Influence of feed flow velocity on

process performance. A) OCV and stack resistancBoler density and corrected power density.

RED stack (10x10 ¢ 10 cell pairs) equipped with Fujifilm membran2gp um woven spacers.

ChicH =2 M; Gow = 0.02 M; wicH=Viow; T = 298 K.

3.3.2 Sensitivity analysis

Once the model has been validated, it was empltygérform a sensitivity analysis

aimed at finding the best operating conditiongéimns of solution concentration and flow

rate) which maximizéycorr. The results of this sensitivity analysis are shomw Figure

3.5.
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Figure 3.5: Sensitivity analysis. A},Rrras function of Gien and Gow at Hich=viLow = 1cm/s. B)
Pu,coras function of Mmicn and vow at Guen=2.6M and Cow=0.04M. RED stack (50x50 ¢inl000
cell pairs) equipped with Fujifilm membranes;EM=cAEM=75.4%, Rem=Raem=2E*(CLow)

0236 270um woven spacers. T = 298 K.

Figure 3.5A shows thaCuien must be kept as high as possible, clearly without
approaching too closely the saturation value wipgegipitation may occur and lead to
possible scaling or even clogging issues. Conwgraslexpected; ow should be around
0.02M to maximizePq corr as (i) too low values yield too highow (the main contribution
to Rsiac) While (i) high values are detrimental for thavilig force. Sensitivity analysis
on solution velocity is reported in Figure 3.9B .o appears to be scarcely dependent on
VhicH apart from the lowest values where the resideinee is so low that a deep driving
force reduction occurs. On the other hand, thecef€ viow on Py corr IS more evident
because dilute channel concentration is more sen@han the concentrate) to residence
time: clearly, the higher ow, the higher the power output. Note that feed smtutelocity
lower than those reported in the figure were noluided in the analysis as these would
cause deep polarization effects which are not attedufor by the model. However, this
unexplored range is really far from the one pravidihe best performance.

Under optimized conditions, a power output of at@&tW/n? can be obtained with
the investigated Fujifilm membranes. Of course, imemes are not yet optimized to deal

with NHsHCOs—water solutions: further development may enhancembmane
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performance (i.e. reducing resistance and enharpgngselectivity) thereby providing
higher power densities.

In this regard, the model was used to calculatpénformance of a RED unit equipped
with membranes with enhanced yet feasible feattwasisting of higher permselectivity
(i.e. acev= anen=90%) and lower electrical resistance (Reem andRagm are equal to 1/5
of the value resulting from equation 3.20). Modedults are reported in Figure 3.6. As
expected, the highe€Cuicn and viow, the higher the power productio@ow value
maximizing Py corr Was found of about 0.08M with the improved membgarslightly
higher than the one relevant to Fujiflm membrabesause of the lower membrane
resistances. Under these optimized conditions,veep@roduction up to about 9 Wm
might be achieved.
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Figure 3.6: Sensitivity analysis. Ay Rrras function of Ggh and Gow at wigi=1 cm/s and mw=5
cm/s; B) R corras function of Gw and wigh= 1 cm/s and &gn = 2.6 M. RED stack (50x50 &yi.000
cell pairs) equipped with enhanced membranesy=0aem=90%, Rev=Raem=4E-5(Gow) 235,
270um woven spacers. T = 298K.

3.4 RED model with NaCl, NH4Cl, ZnCl and CsCl

Some of the 41 salts were selected in order tarcotifie validation of the RED model.
In particular, both monovalent (NaCl, MEl and CsCI) and bivalent (Zngchloride salts
were selected. In general, the mathematical madepceedict the RED stack performance

and in particular the sensitivity analysis can haelpinderstanding the way in which the
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membranes properties and the solution propertfegeimce the power density. This is an
important tool for the improvement of reverse aledialysis units.
The comparisons with the experimental data for smwestigated salts are shown in

Figure 3.7.
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Figure 3.7: Estimated properties for some of theedtigated aqueous solutions at 25°C. A) Mean
activity coefficient. B) Equivalent conductivity.yBbols: experimental data [67]. Lines: model

predictions [32].

Equivalent conductivity data of zinc chloride weret found in literature. For this
reason, the validation of the model using this wal$ performed by adding a correlation
based on experimental results. Figure 3.8 shows:tperimental values of conductivity
for zinc chloride. Two different correlations haueeen used for high and low
concentrations; a third grade equation for conegatsolutions (eq. 3.1) and a second

grade equation for dilute solution (ep. 3.2).

Kuien = 1.768 C3 1oy — 24.358 CZn + 91.342 Cyyyon + 12.894 (3.1)

KLOW = _70.90 CEOW + 155.15 CLOW + 2.15 (32)

where Kycn and Kow are expressed as mS/cm whileds and Gow are expressed

in mol/l.
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Figure 3.8: Conductivity vs molarity at higher centrations a) and at lower concentrations b).

Moreover, the zinc chloride is a divalent ions amcdrder to calculate thec& by
means of Nernst’'s equation, this have to be myltigl 3/4.

The blank resistance was fixed at 0.0052n?, i.e. the value obtained by the standard
NaCl (5M-0.05M).

Correlations based on the experimental values wheelectivity (Figure 3.9, Figure
3.10, Figure 3.11 and Figure 3.12) were addeddmththematical model both for AEMs
and CEMs for all the selected salts. The paraméerthe equation 3.4 and equation 3.5

are reported in the Table 3.1.

Table 3.1: Parameters for the permselectivity datmn in the RED model

Salt ShEM Daem Caem acem beem Ccem

NacCl 0.23 -7.00 91.20 0.57 -6.50 99.00
NH.CI 0.17 -7.80 97.00 0.20 -7.14 100.00
ZnCl, -0.74 -3.50 82.30 0.13 -1.01 96.00
CsCl -0.42 -1.54 98.50 -0.39 -1.95 95.85
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Figure 3.9: Trend line for AEMs a) and CEMs b) psefactivity using NaCl salt.
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Figure 3.12: Trend line for AEMs a) and CEMs b)meelectivity using CsCl salt.

In all the cases, the permselectivity decreasesiie concentration increases. The

values are always higher than 60% except for thenaexchange membrane with ZaCl

The membrane resistance were measured with theedeith six compartments at

standard concentration of 0.5M and are consideredi fin the model. The values are

reported in the Table 3.2.

Table 3.2: Membrane resistance for different st 5M.

Membrane resistanc[cn¥]

NaCl NHCI ZnChb CsCl
CEM 2.84 1.86 19.69 2.07
AEM 1.82 2.00 8.85 2.14
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It can be noted in the Table 3.2 that the membrasistance are similar for all the

salts except for Znghwith a really high values for both membranes.

3.4.1 Model validation

The following figures show the comparison betweerdetl and experimental results
for the four selected salts.
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Figure 3.13: Comparison between model and expetahessults for NaCl solutions. a) OCV, b)
Rstack C) Gross power density, d) Corrected power dgn€ib-current 10x10 cfrstack equipped

with Fujiflm RP1 membranes, Deukum spacers; N=Q@w=0.05M; T=25°C; v=1 cm/s; ERS:

0.1M K3(CN)s/0.1M KaFe(CN} + xM NaCl (Ryani=0.520).
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Figure 3.13 shows the comparison between modekapdrimental results for NaCl
solutions. The model fit the experimental valuebath OCV and stack resistance.

As regard the gross power density and the corrgmiaer density Figure 3.13 doesn't
show a perfect fitting. In both cases, the modeishlower results than experimental tests

at 2M, even if the two trends are very similar.
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Figure 3.14: Comparison between model and expetahegsults for NHCI solutions. a) OCV, b)
Rstack, c) Gross power density, d) Corrected palgesity. Co-current 10x10 ératack equipped
with Fujifilm RP1 membranes, Deukum spacers; N=Q&w=0.05M; T=25°C; v=1 cm/s; ERS:
0.1M K3(CN)s/0.1M KaFe(CN} + XM NH4Cl (Roiani=0.52Q).
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Simplified model for Reverse Electrodialysis unit

Figure 3.14 shows the validation of the model waemmonium chloride salt solutions
have been used. Open circuit voltage and stacitaesie results are fitted by the model.

As regard gross power density and corrected powestsity, the model fits
experimental data both at lower and higher conagintrs even if at higher concentrations

model shows slightly lower power density valuesthaperimental tests.
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Figure 3.15: Comparison between model and expetahessults for ZnCGlsolutions. a) OCV, b)
Rstack, c) Gross power density, d) Corrected paleasity. Co-current 10x10 @mstack equipped
with Fujiflm RP1 membranes, Deukum spacers; N=Q@w=0.05M; T=25°C; v=1 cm/s; ERS:
0.1M K3(CN)s/0.1M KaFe(CN)} + XM ZnCh (Roan=0.52Q).
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Figure 3.15 shows the validation of the model whieie chloride salt solutions have
been used. As regard the fourth analysed param#iersiodel fits the experimental data.
The performance of this bivalent salt is really patue to its bad membrane properties.

The model results for CsCl were not compared wikheeimental results because
during the Power Density measurements, some saésipitated in the electrode
compartments invalidating the tests. More invesiige are needed in order to understand
the interaction between CsCI and electrode solutikaly they create an un-soluble salt
that precipitate.

The model performances of NaCl, MH and ZnC} are following compared. CsCl

will be shown separately because it was not vaidiatith experimental tests.
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Figure 3.16: Comparison among the different modsuits with NaCl, N&CI and ZnCi.

120




Simplified model for Reverse Electrodialysis unit

Figure 3.16 shows the comparison among the diffemesdel results. Ammonium
chloride shows better properties than the othds.sBven if the mathematical model is
based on different assumptions, the obtained eauvdt similar to the experimental ones

and this permits to use it as a prediction tootofber investigations.

As already said, for caesium chloride, only memebragsistance and permselectivity
measurements were performed. The power densityonlgpredicted by model using.

However, Figure 61 shows the comparison betweenehaod experimental OCV
results, confirming that even if not validate, gopikvision can be obtained by the

simplified model.
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Figure 3.17: Comparison between experimental andief@CV results with CsCl solutions.

3.4.2 Sensitivity analysis

After the validation of the model, a sensitivityadysis was performed in order to have
an idea about the obtainable power density reatili#fferent concentrations.

In particular, the values of corrected power dgnkdve been obtained at different

concentrations of the concentrated and dilutectisis..
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Figure 3.18: Corrected power density model prealicithen concentrated solutionc¢fcand diluted
solution concentrations changesigC The secondary axis shows the corrected powesityersult
expressed in W/fn The dark red indicates the maximum valuesgbRvhereas the dark blue the

lowest values.

Figure 3.18 shows the corrected power density mpdediction when solutions at
different concentration from the tested ones aeglus

Using different salts, the values of power densityainable are very different. The
maximum power density value using sodium chlor&lg.B W/n at 5-0.07M .

As regard ammonium chloride, the model result shdhat by performing a
measurement at 5-0.12M the value of power dendittaisable is 8.85 W/t For

concentration of diluted solution higher than 0.1@M corrected power density decreases.
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Simplified model for Reverse Electrodialysis unit

Zinc chloride shows the lowest corrected power itgmngsults.
For CsCl, a sensitivity analysis has been performedder to have an idea about the

power density obtainable with its exploitation.
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Figure 3.19: Corrected power density model prealictivhen concentrated solutionii@ and
diluted solution concentrations changesid)C The secondary axis shows the corrected power
density result expressed in WHriThe dark red indicates the maximum valuessefiPthe light blue

the lower values.

The maximum corrected power density obtainableherbase of the model prediction
is 6.9 W/n? at 5-0.07M.

This simplified model with ammonium hydrogen caratmwas lately integrated with

a model for the regeneration stage. The integratedel is described in more details in

the chapter 5.
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Salt extraction regeneration strategies using mhelytic salts

4 SALT EXTRACTION REGENERATION STRATEGIES USING
THERMOLITIC SALTS

Abstract

Thermally-driven regeneration is the second impdrpart of a SGP-HE system. In
this chapter, the use of air stripping column issginted as a viable strategy for the
regeneration of ammonium hydrogen carbonate solstioutcomes from the reverse
electrodialysis unit.

The process was studied by modelling and experihantivities. A process simulator
(Aspen PIu8) was adopted in order to simulate the behaviothefir stripping column.
Starting from literature references and model \al@h with original experimental
information, the ENRTL-RK thermodynamic package whssen as the best option to
model the NHHCO; aqueous solution.

A lab-scale stripping column was designed, buitt tested in order to characterize its
regeneration performance. Two packing materials¢Rig rings and structured packing
FLEXIPAC 700Y) and different operating conditionsne analysed.

Experimental results and model predictions were gamed in order to develop a
validated process model simulator able to predimgt behaviour of the proposed

regeneration unit.

* Part of this chapter has been published as:

M. Bevacqua, A. Tamburini, M. Papapetrou, A. Cipal G. Micale, A. Piacentino, Reverse
electrodialysis with NeEHCOs-water systems for heat-to-power conversion, Endrgjy (2017)
1293-1307
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Salt extraction regeneration strategies using mhelytic salts

4.1 State-of-the-art of regeneration strategies for themolytic salts solutions

Since 1964 Neff [133] proposed ammonium bicarbosatetions as thermally-re-
generable drawing agent to remove water from avgatér stream. More recently
McCutcheon in 2005 [134] and McGinnis et al. in 2q@18,124] have intensified the
research on this topic, providing some more insighthe regeneration process. In
particular, McCutcheon et al. [134] described a ndinect osmosis process for
desalination of sea water, which uses ammoniunmribiceate concentrated solution to
extract water through a semipermeable osmotic manebiThe osmotic pressure gradient
generates a flow of fresh water through the men#rahich dilutes the drawing solution,
to be eventually regenerated. For the regenerdtantemperature heat (about 60 ° C) is
needed to force the decomposition of the salt4MEDs) into gaseous Ngand CQ. The
gas can be separated and recovered in a distillatigpping column, thus obtaining
desalinated water and pure B&hd CQ used to regenerate the draw solution. The scheme
of the process is shown in Figure 4.1 [118].

However, the regeneration step in this work wasiilesd only qualitatively imaging

a distillation column using waste heat.

Membrane
Saline
Water ! l
[
=> L J
= Draw
Solution RSU"’E
NH¥/CO; SEil
{— 4CO; System
[_ LL
L | Product
‘i ? Water
Brine

Figure 4.1: Schematic of the ammonia—carbon dioki@edesalination process [118].

In 2007, McGinnis and Elimelech [118] describedagfocess using ammonium salts
as drawing agent and for the first time they predica simplified energetic analysis
indicating the requirements for the regenerati@p,sbbtained by means of a process
simulator (Aspen Hysys) using a specific thermodyicgpackages for electrolyte solution

with high concentration (OLI). The drawing solutios obtained by a mixture of
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ammonium salts, Nfand CQ gas in water. The species eventually formed int&wi
are: ammonium bicarbonate, ammonium carbonate amdoaium carbamate. The last
one, obtained from the reaction of carbonate iam$ ammonia gas, has the highest
solubility, so that overall ions concentration tenincreased in the solution by increasing
the ratio between the NHind CQ gases.

The authors described two different process diagrame using a single distillation
column and the other one using several distilladolumns in series. In fact, depending
on the temperature value of the heat availableerdatillation columns may be used.

In particular, if heat at very low temperaturevaitable, the use of a single distillation
column operating at low pressure should give losveargy consumptions. At the contrary,
if heat at a higher temperature is available, g&af multiple columns could lead to higher
efficiency. In Figure 4.2, the process with a sindistillation column is schematically

represented:

To Membrane

r 3

From Membrane [
—| Column
[ Product Water
Reboiler

Figure 4.2: Schematic diagram of a single vacuustilidition column [118].

In the first configuration it is possible to useahat 40° C supplied at the reboiler
allowing the evaporation of water used as strippstiggam within the column. The
concentration of N&land CQ in the water solution at the column bottom waedixat less
than 1 ppm. The gases contained in the stream emoth of the column, instead, are
condensed (at the operating pressure in the co(gthiatm)), while incondensable (NH
and CQ) are removed by means of a vapour thermo-ejector.

In Figure 4.3 and Figure 4.4 the scheme with migtgwlumns are shown:
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Figure 4.3: Schematic diagram of the multi stagaroa distillation operation [118].
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Figure 4.4: Schematic diagram illustrating the $fanof heat from one column to another in series,
with material streams in parallel flow, for the E@w solute recovery [118].

The heat introduced in the first stage allows Far Yaporization of part of the liquid
stream, powering the first distillation column, Whihe vapour/gases stream exiting the
first column is condensed in the reboiler of thextnstage, that operates at lower
temperature and pressure, allowing the evaporafiarfurther amount of liquid solution,

powering the second column, and so on.
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A solution 5 M of ammonium salts, with a ratio BIEO, = 1.4, was adopted for the
energetic analysis. The flow rate was varied ireotd obtain an outlet concentration from
0.5 to 1.5 M. The distillation columns contaAmisticostructured packing with a height
of 2.35 m, equivalent to 30 theoretical stages. @hergy is expressed in kilograms of
water produced per kg of condensed steam in thieréiboiler (commonly known as GOR
in desalination processes). The higher the vaheegteater the energy efficiency.

Energy data have been summarized in Table 4.1hdtir the single column and the
system with more columns. Equivalent work values mported, being defined as the
theoretical power obtainable from the thermal epex@nsumed in the process (assuming
a standard efficiency of a steam turbine operatiitf saturated steam at the available
temperature). This value can be used to comparefficency of different processes. The
distillation column with low pressure is the methaith the lowest equivalent work due
to the heat with low temperature.

Table 4.1: FO energy data for single vacuum colamh multi stage column distillation [118].

Single vacuum column
Inlet steam temp. Draw conc. Column press Heatduty GOR Equiv. work  Number

[°C] M] [atm] [MJI/m?] [ [kWh/m?] of stages
44 0.5 0.075 269.13 8.9 0.73 1
40 1 0.071 382.27 6.3 0.66 1
40 15 0.071 541.55 4.4 0.84 1
Multi stage column distillation
70 1.0 0.28 185.38 12.6 1.50 2
100 10 0.91 140.91 16.0 2.03 3
130 10 247 113.53 19.1 2.36 4
160 0.5 5.60 78.62 26.5 2.14 5
160 10 5.62 103.04 20.2 2.77 5
160 15 5.60 140.37 14.8 3.69 5
190 10 11.52 97.58 20.3 3.18 6
250 1.0 37.00 94.29 18.2 3.93 8

In 2007, McGinnis et al [124] described a methoddonverting thermal energy into
mechanical work, in a closed cycle PRO, using dralutions of ammonium salts at high
concentration, namely a mixture of BDHICO; and ammonia (i.e. hydrated ammonia).
Also in this case, the properties of the electiolgblutions are obtained using HYSYS
process simulator with the OLI thermodynamic paekabhe scheme of the process is
represented in Figure 4.5:
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Region of
High Hydraulic Pressure

il | Draw Solution

Working Fluid
Membrane 9

Figure 4.5: Schematic of the ammonia—carbon dioxidmotic heat engine (OHE) for power
generation. The working fluid is water containingppm NH and CQ, and the draw solution is
made up of concentrated ammonium salts. PEX demoéssure exchanger, TU denotes turbine,
and Qin and Qout represent the heat flows intocartaf the engine. The dashed line box indicates
the region of high hydraulic pressure (on the ackiyer side of the membrane) [124].

The thermal efficiency of the process is calculasdhe ratio between the electrical
power produced in the PRO device and the thernabgrrequired for the separation and
recovery of the draw solution. The amount of heguired in the distillation column to
separate Ngland CQ from the diluted draw solution is calculated usimgorocess
simulator in a single distillation column. The ihkolution concentration is 6 M (GO
basis), while the column is 2.35 m (7.7 ft) highthwna structured packing and heat is
supplied at 50 °C. The temperature and the coluntioin pressure are respectively 46.96
° C and 0.1048 atm, while in the top the valuesespectively 35.55 ° C and 0.1040 atm.
The inlet stream is preheated at 32 ° C requirbmia3200 MJ/rh The heat duty supplied
to the reboiler is 3455 MJAnAdditional energy requirements are 386 MJiommaintain
all the currents at the specified temperature. Tthestotal thermal duty is 7037 MJm
while the electrical energy for the fluids handliisgnegligible (0.48 MJ/A). Table 4.2

reports the main simulation results:
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Table 4.2: Several characteristics of draw solgtiosed in the modelling of OHE efficiency and

relevant heat and electrical duties for the dralwtscseparation and recycling [124]

Draw solute conc. NH4/CO, Heat duty Electrical duty
[M] [MJ/m?] [MJ/m?3]
1 11 358.0 0.12
2 1.2 593.4 0.13
3 1.2 865.7 0.16
4 13 1319.0 0.19
5 1.6 2847.7 0.26
6 18 7037.1 0.48

In 2013, Shim et al. [135] carried out experimdatsNH,HCO; removal using for the
first time a Vacuum Membrane Distillation (VMD) press. The results demonstrated a
gas removal efficiency around 95-99% feeding 0r8ib/of solution at 50 °C and 60 ° C.
At 40 °C, instead it reached a lower removal efficy of 85%. They tested the system
with different inlet concentrations ranging betwées M and 2 M. The solutions were
pre-heated at temperatures of 40 °C, 50 ° C arfiC&ihd sent inside the feed side of the
membrane module, while the permeate side vacuummeastained at 70 mbar. The
species permeated (NHCO, and steam) were sent to a condenser where theivaps
condensed, while non-condensable ammonia and cafioaide were sent to a dilute
water stream for re-sorption. The authors demotesiridnat the flow rate has a little effect
on the gas removal, while the removal efficiencgrdases significantly if the feed
solution concentration decreases, however no datspecific energy consumption are
reported.

In 2015, Kim Y. et al. [136] installed a 3 ton/dpiot plant for water desalination
using the forward osmosis process with a draw moiuaf ammonium bicarbonate. The
system consists of three units: FO, water-solytarsgion and draw solution regeneration.
In particular, the two latter processes have betgrated in a single column as illustrated

in Figure 4.6:
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Figure 4.6: Process flow diagram of the forward osisidesalination pilot [136].

The water-solute separation was made in a colurtimstiuctured packing operating
at ambient pressure and fed with a solution preshotheated in the reboiler at
temperatures up to 100 °C. This column has a diemaétd.2 m and a height of 3 m. The
separation efficiency was equal to 99.7 % for tiés lind 99.9 % for the CQwhile the
thermal energy consumption required for producing®lof water ranged between 265
and 300 kWh.

In 2015, Zhou et al. [137] developed a model fdf@ process with an integrated
thermal separation process. In particular, theypamed three different regeneration units:

» Distillation;
e  Stripping with steam;
e Stripping with air.

The analysis was conducted by means of the pretassator ASPEN PLUS®, using
the thermodynamic package NRTL-RK. They highlightee best regeneration system
from the energetic point of view. The analysis loé three regeneration systems was
conducted considering three different models:

« Rate-based modeltaking into account fluid dynamics, thermodynasnic
kinetics, heat and mass balances;
« Equilibrium-stagemodel, taking into account fluid dynamics, thermyoamics
and kinetics;
e Basic chemistrymodel, in which the equilibrium condition is codesied
instantaneous and the only thermodynamic aspeetslken into account.
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The passage from rate-based to basic chemistry Immalgses a reduction in
computation time and at the same time the rescliibe more imprecise.

In the distillation process, the heat is suppliebtigh the reboiler on the column
bottom and due to its thermal inefficiency, thiogess is less efficient compared to
stripping with air, but a better performance can dxhanced operating at lower
temperature in a vacuum column.

In the stripping process with steam, the heatrisotliy transferred to the draw solution
to be regenerated.

The stripping with hot air allows to reduce the tigrpressure of the volatile
components in the gas phase, allowing operatior&nadspheric pressure, and higher
temperature.

The three regeneration systems were modelled aspagked column with structured
packing (Amistico) with height of 8.3 feet, in whithe inlet stream, with a concentration
varying from 0.5 to 1.5 M (based on @Qis preheated by a hot stream from the top or
from the bottom of the column. The simulations wesaducted both at ambient pressure
and at reduced pressure (0.1 to 1 atm). The emergyred is related to the production of
a stream with a concentration of ammonia belowrh.pp

The heat duty required perraf water produced is reported in Figure 4.7, thee
models significantly differ only for case of theigping with air, and in particular the
basic chemistry model underestimates the energyadém

Figure 4.7.B shows the influence of operating pres®n the energy demand, also

highlighting the difference when the kinetics oé tleactions are not considered.
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Figure 4.7: Comparison of the predicted heat déithe draw-solute-regeneration process for three
different CQ-NHs-H20 separation models using ASPEN. (A) Comparisah@themistry model,
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Comparison of the chemistry model, equilibrium-stagodel, and rate-based model under the
distillation DSR configuration for different opeirag pressures in ASPEN. The equivalent work
penalty for operating at subatmospheric presssrpbotted on the right-hand axis [137].

According to the authors’ findings, the distillaticcystem is considered the best

because the stripping with air requires a higherrtal energy demand and a larger

column to obtain the target purity, while strippimgth steam is comparable to the

distillation process in terms of thermal duty Huteiquires an additional compressor thus

increasing the overall costs.

Table 4.3: Comparison of Distillation, Steam Stiiygp and Air Stripping

Distillation Steam Stripping Air Stripping
Stage number 25 25 80
Column diameter [m] 1.25 1.25 4.25
Top temperature [°C] 86.4 86.4 36.8
Sump temperature [°C] 100.6 100.6 37.7
Specific heat duty [MJ/fh 409.37 405.59 >680.9

For this reason, sensitivity analysis was focusedhe use of distillation column in

order to highlight the energy consumption dependemcsome operating parameters such

as:
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» Pressure If the pressure decreases in the column, the ¢estyre decreases at
the bottom allowing the use of heat at lower terapee, but the thermal duty
increases;

e Column heightthe use of multiple high columns can reduce tler@y demand;

* Feed solution concentratiorthe lower the concentration of the solution, the

lower the energy required to achieve the targedrseion.

In 2015, Shahid et al. [138] analysed the thernegloghposition process of aqueous
NH4HCO; and potassium persulphate,80Og) solutions, using a bubble column with air
at 150 °C insufflated continuously maintaining opiim bubble size between 1-3 mm.
The hot air does not heat too much the bulk ostiation, but it generates a hot solution
layer around each bubble, which causes the loeahthl decomposition of the solute.
Experimental details: a semi-batch system, witR arh high column with diameter of 13
cm, air flow rate of 22.5 L/min at 150 °C, batcHume equal to 250 ml of solution.

NH4HCO; solutions with variable concentrations betweenah8 2 molar with 0.05
molar of potassium persulphate were used for thesiigation.

It is interesting to note that the decompositiom & molal solution of NPEHCO; can
be obtained at 8 °C, which is much lower than theodnposition temperature reported in
literature (approximately 40 °C). This probably occdue to the continuous removal of
gases released from the hot solution layer arouibtles. However, also in this case, the

greater the air temperature, the higher the % gfatiation obtained.
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Figure 4.8: Comparison of decomposition percen2fon NHtHCO;z solution in a BCE with inlet
gas (dry air) at 150 °C and at room temperatur@ugat 22 °C) [138].

Very few works have focused on the possibility sifg thermolytic salts solutions for
closed-loop RED applications.

In 2012, Xi Luo et al. [97] presented an experimaérdampaign on a reverse
electrodialysis unit (RED) fed with NHICO; solutions. They obtained a power density
of 0.33 W/n% of membrane area, using a solution of ammoniurarb@nate (concentrate
solution 1.5 M - dilute solution 0.02 M).

Slightly later, in 2015, Kilsung Kwon et al. [11&]so presented the idea to convert
waste heat into electricity by means a RED progé#s ammonium bicarbonate and a
thermal process for the solutions regeneratione piocess scheme is represented in
Figure 4.9. They especially focused on the expertalecharacterization of the RED
process, characterizing this DHCOs-RED system with respect to various parameters
including the concentration difference, the membraype, the inlet flow rate, and the
compartment thickness. The authors found the bestep density (0.77 W/t of
membrane area) at the concentrated solution d11ahd the diluted solution of 0.01 M.
The maximum power density increased as the irdet fate increased or the compartment

thickness decreased due to the decrease in tlieahstack resistance.
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Figure 4.9: Schematic illustration of a waste he&bvery system using reverse electrodialysis
[117].

In 2017, Kim et al [139] presented a RED model wammonium bicarbonate
solutions in a closed loop. They used the Plankddeson equations to approximate the
membrane potential based on conductivity measureEmiglembrane resistance were also
experimentally measured and the results were useldei model. They found that the
model was in good agreement with the experimergalilts under various operative
conditions. They reported also the net power deradter calculating the pumping loss.
The maximum net power density (0.84 Wymvas obtained with an intermembrane

distance of 0.1 mm, a flow rate of 3 ml/min andacentration ratio of 200 (2M-0.01M).

4.2 Modelling of a lab-scale stripping system for ammoium bicarbonate
solutions

This section illustrates the work carried out usargrocess simulation software (Aspen
Plus®) to simulate the decomposition of ammoniuatbionate solution by stripping
with hot air. A stripping column is a device thabmotes the gas release process from a
liquid mixture, by contacting a dispersed liquidaph with a continuous stripping gas
stream, which carries out the dissolved gases thenfiquid.

The scheme of the lab-system is illustrated in gl 10. The air, before entering in

the stripping column, is heated and humidifiedriraa saturation column in order to avoid
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decreasing of temperature in the stripping columd educe the amount of water that

evaporate from the NdHICOs-water solution.

>
- I Air - CO,
- — ] — _’/ TN NH; - Vapor
H,0 ; 3 || Hy0 -NH,HCO; ">
2 H :
Q i Q,
Air I i Saturated air e
H,0 H,0 — Ammonium salts

Figure 4.10: Schematic illustration of a strippBygtem for the controlled degradation of

ammonium bicarbonate

The main reactions (equilibrium) involved when anmimon hydrogen carbonate is
dissolved in water are reported in a previous sadirore. L'origine riferimento non

e stata trovata.but for convenience are following reported again:

NH,HCOy5, < NHi + HCO3 [4.1]
2H,0 o Hy0" + OH™ [4.2]
NH; + H,0 & NH} + OH™ [4.3]
CO, + 2H,0 & HCO3 + H,0* [4.4]
HCO3 + H,0 & CO2™ + H;0* [4.5]
NH; + HCO3 & NH,C00~ + H,0 [4.6]
NH,COONH, & NH,CO0~ + NHj [4.7]

The ions shown in the list above with a red colag carbamate ions, which are more
soluble than ammonium bicarbonate and can incréesamount of ions present in the
solution, thus possibly enhancing RED potentials.

Among the input, the process simulator requirehieanhodynamic package to be
chosen. Since it might have a crucial impact onltessome thermodynamic models

proposed by the software were tested and compaitd data taken from Perry's
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Handbook (Table 2-25 and 2-26 in [140]). In patéeyas can be seen in Figure 4.11, the
ELECNRTL and ENRTL-RK thermodynamic models were paned with each other and
with experimental equilibrium curves (i.e. T-x-@rfthe case of ammonia-water mixture
and a very good agreement was found. The ENRTL-Ré¢ntodynamic model was
chosen for the analysis of the present work in atamce with software recommendations
and with literature on NHHCOs-H20O solutions [137].
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Figure 4.11: Comparison of different thermodynapéckages with literature Txy data
for the case of the binary NHH,0 systenj140].

The construction of the model includes the follogvimain steps:
« Specifying all components involved in the strippprgcess;
e Selecting the thermodynamic model;

« Drawing the graphical simulation flow sheet;

« Defining the physical properties and flow rateshaf feed streams;
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4.2.1 The properties environment

Within the propertiesenvironment of ASPEN Plus, the components involvethe
stripping process are specified with the thermodyinamodel. As already said, the
ENRTL-RK model was chosen. However, only the heahanger at the bottom of the
stripping column was simulated with OLI thermodyrneupackage because it allows to
have the results directly in electrical conductiyvithe only properties that can be
experimentally measured.

OLI system is a specific thermodynamic packageefectrolyte solutions. It has been
exploited in many works on thermolytic salts (seB #éut it was widely demonstrated by
Gatz [141] that it does not predict well the regth@viour of a NkHCOs-water-air system,
overestimating the results. For this reason. OL3 used only in the final heat exchanger,

where the stream was only at liquid phase.

4.2.2 The simulation environment

Within the simulation environment of ASPEN Plus, the graphical simulatitow
sheet is designed. For modelling the strippingesysthe following unit operation blocks
have to be placed on the flow sheet:

e Two heat exchangers

e One saturation column filled with random packing$ehig rings)

e One stripping column filled with random (Raschiggs) or structured packing
(FLEXIPAC 700 Y, provided by KOCH-GLITSCH)

The ASPEN Plus flow sheet of the stripping systetrich is shown in Figure 4.12, is
slightly different than the process scheme of thstesn illustrated Figure 4.10. The
working principle of the system modelled in Aspdas?however, is exactly the same. As
a last point of the modelling, the flow rates amdperties of the feed streams are defined

in thesimulationenvironment.

141



HEATER1

(O Temperanre ()
D Vokme Flow Rate (Vmin)

Figure 4.12: Flow sheet of the stripping systemgte=i with ASPEN Plus

Heat Exchangers

Two heat exchangers of the type “HEATER” are sel@dtom the librarfgxchangers
of the Model Palettein ASPEN Plus. The unit operation blocks are place the flow
sheet and renamed tdEATER1” and“HX-2" .

“HEATER 1” is used to heat the NHCO; solution from room temperature to 60°C
or rather 70°C. The specifications“6fEATER1” are provided as follows:

¢ Temperature: 60°C or 70°C

* Pressure: 1 bar

e Valid phasesVapor-Liquid

The liquid exiting the stripping column is cooledveh to 25°C in the heat exchanger
“HX-2" in order to generate simulation results which barcompared to experimental
data. The specifications tfiX-2" are set to:

e Temperature: 25 °C

* Pressure: 1 bar

e Valid phasesVapor-Liquid

At this point, it should be noted that a third heathanger for heating the water
entering the saturation column is not placed orfldve sheet to simplify the system. The
temperature of the water stream entering the strippolumn, however, can be controlled

through the specifications of the feed stream. Aapheat exchanger (not represented in
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Figure 4.12) is placed after HX-2 with OLI thermodynic package in order to calculate

the solutions electrical conductivities.

Saturation Column

For the modelling of the saturation column, a calurhthe typeRadFracis selected
from the libraryColumnsof theModel Paletteand placed on the flow sheBadFracis
a rigorous model for all types of multistage vapbguid fractional operations. The
column is renamed t&8ATUR”. The specifying of the saturation column is desamxliin

the following paragraphs.

Calculation Type
The approach for solving the saturation column & ® rate-based under
Blocks>SATUR>Specifications>Setup>Configuration>Qahtion type.By utilization
of this calculation type, it is considered that #agpour and liquid phases in the column
are not in thermodynamic equilibrium at each stafeus, rate-based mass and heat
transfer phenomena within the stages are considered
The rate-based calculations include:
¢ Mass and heat balances around vapour and liquisegha
* Mass and heat transfer rate models to calculatephase transfer rates
*  Vapour-liquid equilibrium relations applied at timerface
» Correlations to estimate mass and heat transféficeats and interfacial areas
e Additional equations in reacting systems in ordertake the influence of
chemical reactions on heat and mass transfer phemomto account
Besides the rate-based transfer phenomena, theulat@a type takes

thermodynamics, hydrodynamics and chemical reagtiaio account.

Number of Stages
UnderBlocks>SATUR>Specifications>Setup>Configuration>Naen of stagesthe
number of stages of the column must be definedceSpacked columns do not have

individual stages, the number of theoretical stagjed the saturation column filled with

Raschig rings is estimated by use of the followeéqgation:
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_Ht
t ™ HETP

(4.1)

whereHt is the total height of the packing material &TP is theheight equivalent
to a theoretical plateFor randomly packed columns with an inner diamkteer than
0.67 m, the rule of thumb of Frank-Ludwig-Vital che employed for estimating the
HETP[140]:

HETP = 18D, (4.2)

where D, is the diameter of a single element of the randmanking. Here, the

following must apply:

HETP > Dy (4.3)

whereDr is the inner diameter of the column.

For this modellingHt, Dt andDpare set to 1.5 m, 0.05 m and 0.01 m, respectively,
which accords to the experimental setUping equation (4.1) to (4.3)t is estimated to
be equal to 9. This number is provided to ASPENsPlu

Condenser, Reboiler, Valid Phases, Streams and Peese

At this point of the modelling, it must be definédhe column has condensers and/or
reboilers. Since there are neither condensers efmwilers within the colummoneis
selected in the respective dropdown menu. The yddakes in the column are specified
to beVapour-Liquid

Under Blocks>SATUR>Specifications>Setup>Streams>Feedastigt is specified
that the feed streatIR” enters from the bottom of the colunstage 9on-stage, and
that the feed streaffWWATER” enters from the top of the colunstdge ] on-stage. The
pressure at the top stage is set to 1 bar. Isisnasd that there is no pressure drop within

the column.
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Packing

The properties of the random packing of the coluawe specified under
Blocks>SATUR>Sizing and Rating>Packing Rating>Setup

The starting stage and the ending stage of theorarhcking is set to be 1 and 9,
respectively RASCHIGis chosen from the drop-down menu in order tocteéRaschig
rings as type of the packing. The packing chareties are specified as follows:

*  Vendor:NORTON

»  Section diameter: 0.05 m

* Material: METAL-32

» Dimension/external diameter: 0.01 m
e Section packed height: 1.5 m

At this point, the packing characteristiPsicking Sizeand Packing Factor k are
determined automatically from Aspen Plus.

The specified packing properties correspond toetodghe saturation column, which
was used in the experimental set-up except fovéinelor and the material of the Raschig
Rings. In the saturation column of the experimestgtup, handmade plastic Raschig
rings were used. It is assumed that the variatidheomaterial of the Raschig rings does
not significantly affect the performance of theuwuh as long as the dimensions of the
rings stay the same.

As a last pointRate-based calculatiorasre activated undeéBlocks>SATUR>Sizing

and Rating>Packing Rating>Rate-based

Stripping Column

The stripping column is also modelled with a coluafrthe typeRadFracselected
from the libraryColumnsof themodel paletteTheRadFraccolumn is placed on the flow
sheet, and renamed t8TRIPPER". The specifications of the stripping column are

provided as described in the following.
Calculation Type

As for the saturation column, thate-basedtalculation type is chosen for solving the
stripping column undeBlocks>STRIPPER>Specifications>Setup>Configuration
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Number of the Stages

The number of stages varies with the packing itestah the column. In case of using
Raschig rings as packing materidt, Dr andDpare equal to 1.5 m, 0.05 m and 0.01 m,
respectively. By use of equations (4.1) to (4.Be humber of theoretical stagisis
estimated as 9.

In case of using the structured packing FLEXIPA®YQequation (4.2) cannot be
applied for determining thEETP of the packing. However, tHeéETP of the packing is
estimated by the manufacturer as 160 mm for atmergpdistillation systems with low
relative volatility and good liquid/vapour distrition [142]. It is assumed that tHHETP
value also applies for the stripping column usindsNCQO; solutions. ThusN; can be
estimated by use of equation (4.1) with the totaghtHt of the packing material being
equal to 1.6 m. The result, 10 theoretical staggmovided to ASPEN Plus.

Condenser, Reboiler, Valid Phases, Streams and Peese

By selectingnonein the respective drop-down menu, it is specifieat there are no
condensers and reboilers in the column. Furtherptbeevalid phases are set\tapor-
Liquid. UnderBlocks>STRIPPER>Specifications>Setup>Stredtris defined that the
streant'S1” of hot NHIHCO; solution enters the stripping column from the tSgage 1,
On-Stagg and that the streatA1” of hot saturated air enters the column from thioloo
(Stage r ratherStage 100n-Stage The pressure within the columns is set to bakqu
to 1 bar undeBlocks>STRIPPER>Specifications>Setup>Pressukdditionally, it is

defined that there is no pressure drop in thegtigpcolumn.

Packing

The properties of the packing material are speatifiederBlocks>STRIPPER>Sizing
and Rating>Packing Rating>Setup>Specificatiotiss defined that the starting stage of
the packing section is the first stage, and thaetiding stage is the ninth stage for Raschig
rings or rather the tenth stage for structured jpackn case of using Raschig rings, the
packing characteristics are the same as thoseedR#schig rings within the saturation
column.

The packing characteristics of the structured parKLEXIPAC 700Y are specified

as follows:
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* Vendor:KOCH
e Section diameter: 0.05 m
* Material: METAL
* Dimension:700Y
e Section packed height: 1.6 m
The packing factor, is specified automatically by ASPEN Plus. The pagk
characteristics correspond to those of the paakaegl in the stripping column of the test-
rig except for the vendor of the Raschig rings. ttaade metal Raschig rings were used
in the stripping column of the experimental setigtead of industrially manufactured
Raschig rings. It is assumed that the variatiormianufacturing does not affect the
performance of the stripping system as long astaierial and dimensions of the Raschig
rings are the same.
As a last-point, rate-based calculations are agtilvandeBlocks>STRIPPER>Sizing
and Rating>Packing Rating>Rate-based.

Stream Properties

In the following, it is described how the propestigf the feed streams are specified.

The properties of the air stredwIR” , which enters at the bottom of the saturation
column, is specified und&treams>AIR>Input>Mixeds follows:

e Temperature: 25°C

* Pressure: 1 bar

* Total flow rate: 35 I/min
e Mole-Fraction of air: 1 [-]

The properties of the water streAWATER” entering the column from the top are
provided as follows:

e Temperature: 60°C or 70°C
e Pressure: 1 bar

* Total flow rate: 1 I/min

e Mole-Fraction of water: 1 []

The provided value of the total water flow ratgust an initial estimate. The actual
flow rate, which is required for gaining saturatédat 60°C or rather 70°C at the top of
the column, is calculated by use of the functimsign Specificatioof ASPEN Plus.
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Under Blocks>SATUR>Specifications>Design Specificationgedfications, the
Stage temperaturef the first stage of the saturation column is ciele as design
specification. The target of the specificationpeafied as 60°C or rather 70°C applied to
the vapour phase. UndeéBlocks>SATUR>Specifications>Vary>Specificationis is
specified that th&eed rateof the streaMWATER” is the so-called manipulated variable.
The manipulated variable is kept free in order wetrithe design specification provided
before. The upper and lower bounds of the wated fate are set to 0.45 kmol/hr and 2
kmol/hr, respectively. ASPEN Plus adjusts the wéted rate by creating loops, which
are solved iteratively in order to achieve the wapgmhase’s temperature specification.

The functiondesign specificatiocan only manipulate input variables of the selécte
block itself or rather of the feed stream whictedtly enters this block. Therefore, a heat
exchanger cannot be placed between source of ttk f@ter stream and saturation
column as long as the water feed rate must be tedjus

The selected input parameters for thesNBGO; solution stream “SOL” are:

* Temperature: 25°C

* Pressure: 1 bar

+ Total flow rate: 0.1 or 0.15 I/min

* Mole concentration of NBHCO; in the solvent water: in a range between 0.5
mol/l and 1.5 mol/l

All provided stream characteristics are equivalerthe properties of the feed streams
of the experimental set-up (see paragraph 4.3.3).

UnderProperty Sets>Newthe pH of the liquid streams, the molar concerdgratind
the electrical conductivity of all components ie fflquid streams are chosen as additional
properties that are to be calculated. These priegeare selected und&etup>Report
Options>Stream>Property seis order to show them in the results sheet.

At this point, the modelling is completed. The miodan be used to simulate the
performance of the stripping system of the/NBBO; solution regeneration unit within a

closed-loop RED heat engine under varying operatorglitions.
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4.3 Experimental campaign on a lab-scale stripping systn for ammonium
bicarbonate solutions and model validation
An experimental campaign was carried out on a tabesstripping system for the
regeneration of NjEHCOs solutions in order to prove the model constructetthé present
work. In this chapter, the set-up of the test sgléscribed as well as the experimental
procedure of the test runs. Furthermore, the resilthe experiments are depicted and
confronted with the model predictions in order deritify the main discrepancies and

validate the model prediction capabilities.

4.3.1 Description of the lab-scale stripping system
The test rig of the stripping system for MHCOs solutions is schematically reported
in Figure 4.13, and pictured in Figure 4.14.
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Figure 4.13: Schematic illustration of the experitaé stripping system for NHICOs solutions
[143].

The aqueous NHHCO; solution stored in a plastic tank (1) is fed imtesteal coil
placed in a thermal bath (3) by means of a VERDHERKperistaltic pump (2). The flow
rate of the solution is controlled by use of a agé controller. The thermal bath is filled
with hot demineralized water at a temperature rargge between 63°C and 75°C, thus

heating up the NHHCO; solution to temperatures at which the degradatibthe salt
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begins. The heated solution is fed into the strigpcolumn (6), where it cascades
downwards in counter-current to raising hot sagdaiir. In the stripping column, the
degradation of the salt is intensified, and theegagising in the solution are stripped out
into the air stream. The gaseous stream of, \IMD, and air leaves the stripping column
at the top, and is fed into the atmosphere. Themegted NEHCO; solution exiting the
column at the bottom is stored in a further platstitk (9).

The saturation of the air takes place in the stitmecolumn (5). Dry air from a
compressor (7) (ABAC mod. PRO B6000500T7.5), whaisdlow rate is indicated and
fixed by use of a rotameter (8) (KEY INSTRUMENT 8jiters the saturation column from
the bottom and raises upwards. Distilled wateedsffom the water bath (3) to the top of
the column by use of a SHURFLO membrane pump @mRhe top of the column, it
cascades downwards through the random packing.wHler flowrate is controlled by
means of a voltage controller and a water bypalss.cbunter-current flow between hot
water and dry air leads to the heating and saturati the air. The hot saturated air is fed
to the bottom of the stripping column, while thstiflied water is fed back into the thermal
bath (3). Operating, all main components, junctiand tubes of the test rig are thermally
isolated.

The temperature of the liquid and gaseous streatheistripping system are measured
by use of six thermocouples, which are placed withie tubes close to the inlets and
outlets of the columns. The thermocouples are airdeto an USB measurement device
from National Instruments, which allows the tramséé the measured values to a
computer. The measured temperatures are displayaseof the system design software
LABView®.
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Figure 4.14: Experimental stripping system for thgeneration of aqueous MHCOs solutions.
Saturation column (1) filled with polyurethane Raisaings; Stripping column (2) filled with metal
Raschig rings.

Saturation Column

The saturation column is realized using a Plexiglég with a height of ca. 2 meters
and an inner diameter of 0.05 meters. The colunfitied for 1.5 meters with handmade
polyurethane Raschig rings with a height and diamet 0.01 meters, respectively. The
gas and the liquid enter the column through a diqand gas distributor placed at the top
and the bottom of the column, respectively. In otdereduce wall effects for the liquid,
O-rings are used as liquid redistributors withie tolumn. The maximum permissible
distance between two liquid redistributors can beneated with the rule of thumb of

Schonbuchefor randomly packed columns [144]:
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Z, <6 Dp (4.4)

wherez, is the distance between two liquid redistributérscording to equation (4.4), at
least four O-rings should be placed within the owiun order to achieve the maximum
permissible distancg, between two liquid redistributors, which is eqtml0.3 meters.
However, three O-rings are placed within the columhich leads t@, equal to 0.375
meters. Notwithstanding, it is assumed that theidiglistribution within the column is

sufficient due to the small inner diameter of tb&imn.

Stripping Column

The stripping column is realized using a Plexidlase with the same dimensions as
those of the saturation column. The stripping calumfilled with one of the following
kinds of packing:

 Random packing
e Structured packing

As random packing, handmade metal Raschig Ringk wiheight and an inner
diameter of 0.01 meters are used. The height ofdta packing section is equal to 1.5
meters. In order to redistribute the liquid, se@mings are placed within the column,
which corresponds to a distargédetween two liquid redistributors equal to 0.1%em
According to equation (4.4) the actual distanceveen two liquid distributors is smaller
than the maximal permissible distance.

For the second operating mode, the structured pgdkLEXIPAC 700Y, which is
provided by KOCH-GLITSCH, is used within the stripg column. As can be seen in
Figure 4.15, the packing consists of corrugatedhlstss steel sheets arranged in a
crisscross pattern with a nominal inclination arafid5°.

The total packing section with a height of 1.6 met®nsists of six packing units with
a height of 0.27 meters. At the top, bottom anthenmiddle of a packing unit, a metallic

liquid redistributor with a diameter of 0.05 meteyplaced.
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Figure 4.15: The stripping column with the struetlipacking FLEXIPAC 700Y

4.3.2 Experimental procedure

The test execution is described in the followimgtially, the lab-scale stripping system
was run only with demineralized water in order teao tubes and columns, heat the
packing material up to operating temperature ametigee a steady state. At the beginning
of each experiment, the demineralized water in tthermal bath was heated up to
temperatures in a range between 63°C and 75°Crvédtes, the desired flow rate of the
demineralized water (and thus of the latersNBGO; solution), which was fed from a
plastic tank into the stripping column, was fixedthwthe voltage controller of the
VERDEFLEX pump. The flow rate of the air enterirg tsaturation column was fixed
with a rotary valve until the desired flow rateadf was indicated on the rotameter.

Since the voltage of the voltage controller conee¢db the SHURFLO membrane
pump was fixed, the flow rate of the hot demineedi water entering the saturation
column was adjusted with the rotary valve of theevdypass. The water flow rate was
not fixed at a certain value. It was being adjusteaberation so that the air stream exiting
the saturation column was heated up to the det@regderature, however, without flooding
the column.
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At the same time, the NHCGQO; solution with a concentration in a range betweén 0
mol/l and 1.5 mol/l was being prepared. For thisppse, pure NfHCO; (SIGMA-
ALDRICH Co. LLC) was added to demineralized water.

After the stripping system operating with deminized water had reached the steady
state, the plastic tank containing demineralizetewaas replaced by the tank containing
NH4sHCO; solution. It was assumed that the system had eshsteady state when the
stream of the hot saturated air entering the dgtrgppcolumn and the stream of
demineralized water entering the stripping columerevheated up to the required
temperature (60°C), and when these temperaturgsdstmnstant. It should be noted that
the indicated temperature values fluctuated by &C around the desired temperatures.
At this point, the actual experiment begun.

After the water tank had been replaced by the tamkaining NHHCO; solution, the
steady state of the system had to be achieved .agjfiér reaching the steady state, the
stripping system was operating for about ten mmuBRuring operation, a temperature
drop of up to 5°C between the salt solution streatering the stripping column and the
salt solution stream exiting the column was obsgr&mples of the regenerated solution
exiting the stripping column were taken every 2iButes. The samples were cooled down
to a temperature of 25°C + 0.3°C within a coldhbdt this temperature, the pH and the
conductivity of the liquids were measured by meafns pH meter (8 Seriedesigned by
XS Instrumen)sand a conductivity meter (LF 196, designedyW. Furthermore, the
pH and the conductivity of the inlet NHCO; solution was measured at 25°C. The

experimental data was used for the validation efrtiodel.

4.3.3 Operating parameters of the test series

In the experimental campaign, the operating pararsedf the lab-scale stripping
system were chosen as follows:

*  Flow rateQuairaryOf the dry air stream entering the saturation colugb I/min

e Temperaturd of the salt solution and air stream entering thiggng column:

60 °C
e Type of packing: metal Raschig rings and FLEXIPAIDY.
In the following test series, one operating par@m&tas changed at a time. The

operating parameters of all tests are listed indg 4bt.

154



Salt extraction regeneration strategies using mhelytic salts

Table 4.4: Operating parameters of the test series

Quair,dry [I/min] Qsol[I/min] T [°C] Packing
35 0.15-0.2-0.25 60 Raschig rings
35 0.15-0.2-0.25 60 FLEXIPAC

In each test series, four experiments were perfdrimgerating with NEHCOs
solutions with an inlet concentrati@@, of 0.2 mol/l, 0.5 mol/l, 1.0 mol/l and 1.5 mol/l,

respectively.

4.3.4 Experimental results and comparison with model pretttions

Since an exact experimental composition charaetiois of the liquid streams
entering and exiting the stripping column is ondalisable with extensive analytical
efforts, only the pH and the electrical conductiwitf the inlet and outlet streams were
measured and compared with the model predictionsdar to validate the model.

The experimental electrical conductivities and tit¢ of the inlet solutions are
compared with the model values. The comparisonsep@rted in Figure 4.16 and Figure
4.17.
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Figure 4.16: Comparison of experimental and modedlectrical conductivity of the inlet solutions
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Figure 4.17: Comparison of experimental and modgild of the inlet solutions

The comparisons reported above shown that the iexgetal conductivity is lower
than the value predicted by the model at high cotmagon while the experimental pH is
higher. Likely, this discrepancy is due to the alubility of CQ in water. In fact, during
the solution preparation, a certain amount of,€@n be release into the atmosphere,
reducing the conductivity at high concentration armteasing at the same time the pH

The experimental results in terms of electricaldartivity of the outlet streams of the
stripping column operating under varying conditians reported and confronted with the
model predictions in Figure 4.18. While, in Figdr&9, the experimental results in terms
of pH of the inlet and outlet streams are shown@ndronted with the respective model
predictions.

The electrical conductivity of the output currerdrh the stripper has, in some cases,
lower conductivity values than those measured expgartally. The percentage difference
between the two values decreases with increasmgdhcentration. In particular, when
the inlet concentration (Cin) is higher than 1Me ttifference is always around 5%
increasing for lower concentration. However, coesity the complexity of the system,
the model can be considered validated despite sififidrences with the experimental
results. Further studies are needed in order torawap the prediction also at low

concentrations.
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Figure 4.18: Comparison between experimental resuitl model predictions in terms of electrical
conductivity of the outlet stream under varying ig@nal parameters.
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Figure 4.19: Comparison between experimental resutl model predictions in terms of pH of the

inlet and outlet stream under varying operatioahmeters
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This model was integrated with the simplified REBdwal described in the chapter 3
in order to simulate the behaviour of the whole R&t@sed loop system. The results are
critically analysed considering than in specifinditions the regeneration model slightly

underestimated the values.
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5 INTEGRATED RED-CLOSED LOOP WITH THERMOLYTIC
SALTS ANALYSIS AND SIMULATION

Abstract

For the first time in the literature, an integrateddel was developed in order to
analyse the performance of the whole RED closeg lsgstem fed by ammonium
hydrogen carbonate solutions. For this purpose, Itieped parameter RED model
(presented in chapter 3) was coupled with thetejppmng Aspen Plus model (presented
in Chapter 4).

The integrated model was used to perform sensitarialysis. The effect of different
operative parameters such as inlet concentratsmhstion flow velocity and by-pass flow
rate were investigated.

Moreover, the effect of passing from currently #atale membranes to future high-
performance ones was investigated, highlightingriygact of membrane properties (i.e.
membrane resistance and permselectivity) on theagjlarocess efficiency.

Overall exergetic efficiencies of the process raggirom 11 to 22% have been
reached, which represent a good starting poinaféuture optimisation analysis of the
integrated system.

* Part of this chapter has been published as:

M. Bevacqua, A. Tamburini, M. Papapetrou, A. Cipal G. Micale, A. Piacentino, Reverse
electrodialysis with NeEHCOs-water systems for heat-to-power conversion, Endrgjy (2017)
1293-1307
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5.1 RED closed loop with thermolytic salt

In the previous chapters, the performance of amamniydrogen carbonate in a
SGPHE system with salt extraction strategy has bédaly studied. Both main stages,
the power production and the solutions regeneratimtaken into account. Two models
were developed for the RED and the regeneration, sespectively, both validate by
experimental tests performed with two lab test-rigssimplified scheme of the whole

integrated system with ammonium hydrogen carboisadepicted in Figure 5.1.

enerated (

ﬁ COLD SINK

=23
U

WASTE HEAT
Figure 5.1: Simplified scheme of a SGPHE with sattaction strategy and fed by thermolytic salts

The regeneration model described in the chapteagt wged to calculate the specific
duty required for the solutions regeneration afedéint condition. These values were
elaborated and the obtained relations were adddtet®ED model in order to simulate

the whole cycle. More details are reported in tiil#ing.

5.2 Theoretical analysis of ammonium hydrogen carbonatesgeneration for
the integrated simulation
Once the two solutions exit the RED system, a reggion unit is needed to restore
the initial salinity gradient. For the case of al@veammonium bicarbonate solution, the
regeneration implies (i) an air stripping columrabbut 60°C to separate the salt in the
form of NHs and CQ from the diluted solution (ii) followed by an alsption column at

environmental temperature (25°C) to let Nahd CQ to be again dissolved in the
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concentrated solution. For the sake of the preserikt, only the air stripping column was
modelled to evaluate the thermal power requiremiimus allowing the efficiency of the

whole cycle to be calculated. As a matter of faét) of the present section is that of
providing a specific thermal duty to be used fa thalculation of the cycle efficiency and,
in this regard, the absorption column is not expecto provide any appreciable
contribution.

The air stripping, along with a suitable thermategration, to be investigated is
depicted in Figure 5.2. The column is fed from tbe with a NHHCO;-water solution
while hot saturated air is fed from the bottom. étitat air is saturated with water before
entering the column to avoid sudden water evapmatt the entrance of the column, thus
causing a dramatic temperature reduction and aimegepact on process performance.
The high temperature and the counter-current cobiteveen the two phases faster the
salt degradation and the passage of aittl CQ from the liquid to the gaseous phase. As
a result, two outlet streams exit out from the owhui) a gaseous stream rich of Nahd
CO; exitingfrom the top, which can be used in an absorptidanen to regenerate the
concentrate solution from the RED unit; ii) a lidustream exiting from the bottom,
representing the “regenerated” dilute feed for RIED stage. The adopted thermal
integration significantly reduces the total amoafithermal power needed to heat the two
feeds column: this residual amount (i.e. Q =#QQ) represents the waste heat which is
converted into electric power within the REDHE.

The system shown in Figure 5.2 was modelled by italde process simulation
software (Aspen PI# which accounts for mass and energy balances,ichkamd phase
equilibria, as widely described in the previousptea4. In this section, it was exploited
to carry out some specific simulations. All of taesere performed at a fixed solution
flow rate of 1 I/min (=0.06 f4h). All other inputs are reported below.

e Solution column inlet temperature: 60°C;

e Liquid minimum temperature approach for liquid-lidineat exchanger: 2°C;
e Gas minimum temperature approach for air prehedt@ay exchanger: 5°C;
e Column pressure: 1 bar;

e  Saturated air temperature: 60°C;

e Thermodynamic model: ENRTL-RK;

¢ Number of equilibrium stages: 30.
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Note that the number of equilibrium stages wastiaily set equal to 30 as results

were found to be only slightly affected by thisgraeter for a number higher than 20.

B e
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Waste Waste
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y
60 °C @{ ™ 25°C
S ) ——
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H,0 - Ammonium salts <

K Air Stripping /

Figure 5.2: Schematic representation of a stripgalymn operating with hot saturated air for

NHsHCGOs salt degradation and subsequent removal of alttl CQ gases. A thermal integration

layout is proposed for heat recovery and reducedrtal duty.

Clearly, the concentration of the feed soluti®nand concentration of the liquid
solution exiting the colum@; should be defined to allow the software to calieuthe air
flow rate and the relevant process thermal dutgsehwo “software input” concentrations
were considered as variable parameters in the marananalysis reported in the next

section.

5.2.1 Specific thermal duty assessment

For each value of Cand required column outlet value,Ghe process simulator

calculates the saturated air flow rate (which isdesl to close the mass and energy
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balances) and the thermal power Q1 and Q2 regbiye¢te two heat exchangers. On the

basis of this value and of the amount of salt p&ih a specific duty can be defined as

regeneration performance indicator:

Specific duty = Qgpec = Ql;QZ (5.1)

All the specific duties calculated, one per eaalpte G-C,, are reported in Table 5.1.
As it can be seen, the higher the difference betwlee inlet and the outlet concentration,

the higher the specific duty.

Table 5.1: Specific thermal duty [kWh?mas a function of stripping column inlet and otitle

concentration [M].

Qspeg Specific C,, Stripping column inlet concentration [mol/l]
duty [kWh/m3] [ 0025 | 0.05 | 0.075 0.1 0.15 0.2 0.3 0.56 0.92 1p8 641 2
0.005 | 1149 1337 1449 1564 1754 1939 24.75 3201 9343. 5534 66.32 77.0
0.024 - 977 1205 1368 1615 1829 23.98 3141 4342 9064 6595 76.64
_ 0.04% - 5.48 934 1164 1474 1715 2320 30.79  42.92 4%4. 6552 76.26
E 0.062 - - 6.13 943 1324 1596 2239 3016 4242 5407518 75.87
% 0.081 - - - 6.67 1167 1474 2156 2951 41.90 5353 ®4.65.47
% 0.1 - - 988 1341 2066 28.90 4137 53.05 64.22 .05
§ 0.15 - - - - 9.73 1843 2714 39.97 5154 6243 7294
3 0.2 - - - - 16.03 2532 3849 5021 6121 71[73
c
% 0.2% - - - - - 13.32 2343 37.05 4892 6002 70[63
év 0.3 - - - - - 10.68 2144 3540 4791 59.47 70|56
}% 0.35 - - - - - 19.41 3390 4655 5815 69.1
S 0.4 - - - - - - 17.23 3230 4558 56.71 67.95
0.45 - - - - - - 14.88  30.66 43.70 5557 66.88
0E . B - - - 29.00 4214 5414 6553

The values reported in the table were convertea ansuitable correlation providing

the specific duty for each given couple of G:
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Qspec = a1 - €2 “—ay-C™ +as- €% G (5.2)

As shown in Table 5.2, the whole range of inletaamration was divided into four
smaller ranges, in order to guarantee the bestagat of the correlation with the data
calculated by Aspen Plus®: the average error fooypdadopting the above step-wise
correlation was about 1%.

Table 5.2: Parameters of equation (5.2) as a fomaif solution concentration entering into the

stripping column

Concentration range 1a & & =) 3% 3 &

0.029¥ <C;<0.1M | 12.115 0.26 261.787 0.615 297.43®.252 0.478
0.1M <C;<0.2M 12.836 1.02 258.324 0.612 260 0.165 0.517
0.2M <C,<056M | 13.195 0.686 60.592 0.667 55.9340.687 0.212

0.56M <Cy <2M 8.714 0225 35.796 0.656 45.56 0.758 0.045

5.3 Sensitivity analysis of the closed loop system

In the previous sections, the RED and the regeineramit have been separately
investigated. The present section is devoted tavtiwe closed loop of the REDHE where
the regeneration unit is represented by the stigppolumn only as schematically shown
in Figure 5.3. The equations relevant to the RED amd those proposed for the thermal
duty of the regeneration unit were coupled to egtbler and with mass balances within a
simplified integrated model devoted to calculatihg cycle energetic efficiency defined

as:

_ Pdcorr _ Pdcorr
Neorr = - (53)
Total thermal duty Q1+Q2

A sensitivity analysis was performed to evaluate tbffect of the solution
concentrations entering the RED unit on the cyeléggmance. Moreover, the effect of a

split-stream Ewas also investigated. Note thatdan be written as:
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— 5 - (FrowinClow,in
Fy = x - (FlowinSowim) (5.4)
where X" was fixed either at O or at 0.5. Clearly, the gwot (Fisy, i, * Ciow in) Must

be equal or higher thai¥; - C3). Note that “x” values higher than 0.5 would pravia G
lower than 0.005M which is the value arbitrarilyoskn as threshold in Table 5.1.

Electric
Power
Fhigh,in = Fhigh,out |
> TFA
RE D l " Q\$6 Waste
N L
low,in low,out 1 O
F3
| le Cold
Sink

Figure 5.3: Scheme of RED closed loop system aedlf@r the sensitivity analysis

The influence oChigh andCiow ON /Jcorr at the two X’ values of kis reported in Figure
5.4, where the RED unit features are the sameastde Figure 3.5.

By comparing Figure 5.4 with Figure 3.5, it candixserved that the cycle efficiency
can be maximized at operative concentrations Jemyas to those maximizing the power
density especially whersks equal to zero. Assiincreases, two competitive effects occur:
on the one hand, a lower flow rate is fed to thgeneration unit; on the other hand, a
higherC;-C, difference is needed to regenerate the dilutadtisol thus leading to a larger
specific thermal duty. Clearly, the power densityquced by the RED unit is not affected
by this “x” value. When “x" is equal to 0.5, the{l rate effect is prominent thus resulting
into a lower thermal consumption (compared =) and into a higher efficiency as it
can be seen in Figure 5.4B.

Figure 5.4B also shows that with the tested Fujifihembranes a maximum efficiency

of about 1.2% can be achieved. This value shoulddrepared with the maximum
168



Integrated RED-closed loop with thermolytic saltglysis and simulation

theoretical Carnot efficiency which, under the sasnreditions (i.e. heat source at 60°C
and cold sink at 25°C), is equal to 10.5%. Thus, 7t achieved corresponds to an

exergetic efficiency (i.e. % of Carnot efficienayf)about 11.4%.

Meorr [ corr 5]

igh

F 14

0

005 01 015 02 025 03 03 04 005 01 015 02 025 03 035 04
Clow Ml Cow M

Figure 5.4: Red Closed Loop sensitivity analysifluence of Gigh vs Gow On the corrected
efficiency at wig=viow=1cm/sec. RED stack (50x50 &mi000 cell pairs) equipped with Fujifilm
membranesicev=aaem=75.3%, RemM=Raem=2E-4(CGow)°-2%¢ 270um woven spacerg = 298 K.

A) Fs=0; B) Fy = 0.5 - (ot fouir).

The effect of solution velocity was also investaghtas expected on the basis of results
of Figure 3.5B, the cycle efficiency was found vpoorly dependent omign. Conversely,
as a difference from Figure 3.5B, Figure 5.5 shtives smalleniow are preferable when
higher efficiencies are looked for. Higher residetimes within the RED unit results into
(i) lower flow rates and (ii) higher concentratiogrstering into the stripping column (i.e.
higher specific thermal duty). As already mentiomgdle commenting Figure 5.4, the
flow rate effect is prominent, thereby leading aavér thermal requirements and higher
cycle efficiencies. For the same reason, as obdervEigure 5.4, the higher value of F
(i.e. x=0.5) provides better results, as expected.

Note that the sharp colour variations observabl&igure 5.5 derives from small
discontinuities of the step-wise correlation pramhs
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Figure 5.5: Red Closed Loop sensitivity analysigluence of Clow vs vlow on the corrected
efficiency at Chigh= 2.6M and vhigh=1cm/sec. REBckt(50x50 cm2, 1000 cell pairs) equipped
with Fujifilm membranesaCEM=0AEM=75.3%, RCEM=RAEM=2E-4(Clow)-0.236, 270(m

woven spacers, T = 298 K. A) F3=0; B) = 0.5 - (F“"””;w)
3

The performance of a REDHE whose RED unit is eceapyith tailored membranes
for NHsHCOs-water solutions was also investigated: in paréicuthe same “enhanced”
(acem= anen=90% andRcem and Raem equal to 1/5 of the value resulting from equation
(3.20)) membranes adopted for the case of FiguBea here investigated. Relevant
results are reported in Figure 5.6. As shown, aisihis case the highdts, the better.
Also, very low concentrations can be used in thetelichannel: in particular, the highest
efficiency is achieved whe@high is in the range of 2.4M — 2.6M ai@,y is lower than
0.04M (the value maximizingqcor according to [132]). Moreover, under these best
operating conditions a doublegt,r can be achieved corresponding to an exergetic
efficiency of about 22%. Notably, when one look#ftiiciency values at these very low
temperature levels, it should be kept in mind thatwaste heat employed is considered

by industry as a burden rather than as a resource.
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Figure 5.6: Red Closed Loop sensitivity analysifluence of Gigh vs Gow On the corrected
efficiency at wigr=1cm/s and ww=0.5 cm/sec. RED stack (50x50 £mM000 cell pairs) equipped
with enhanced Fujifilm membranesev=aaem=90%, Rem=Raem=4E-5(Gow)%-236 270um woven

spacers, T = 298 K. AJ; = 0; B) F; = 0.5 - (Flowizllonin),

C3

5.4 Integrated model conclusions and future remarks

The performance of a Reverse ElectroDialysis Heagirte (REDHE) fed with
ammonium bicarbonate — water solutions was invatgi)

A simplified integrated model was developed encosspey two sub-models: the one
for the RED unit and the other for the regeneratioit, reported in chapter 3 and chapter
4, respectively. The RED unit was modelled by apgeth parameter model which was
validated against experimental data collected ¢sapter 2). Once validated, the model
was used for a sensitivity analysis aimed at reizigg the best operating conditions.
According to this analysis, when enhanced yet Bdasmembranes are used, at
Chigh,ire2.6M, Gow,irk0.075M, wigzlem/s and Mw~5cm/s , a maximum power density of
about 9 W/m could be obtained. As far as the modelling of tegeneration unit is
concerned, a process model based on the use pfdhess simulator Aspen Plus® was
developed (see chapter 4) to model the strippingnmo along with suitable heat
exchangers required by thermal integration. The ehatlas used to calculate the
regeneration step thermal duty which is requiredh¢at up to 60°C the streams (i.e.
saturated air stream and DHHCOs-water liquid stream) entering the stripping column

Results showed that the specific thermal duty meee as the concentration difference
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between the NBEHCOs-water solution entering the stripping column (Cg) and the one
exiting (Cy) increases. A step-wise correlation was devisedtount for this dependence.

Finally, the two models were coupled each other @it mass balances within a
simplified integrated model which was used to fimler which operating conditions the
whole RED closed loop can perform better. Resuftews that the dilute solution
concentratiorCiow maximizing the cycle efficiency slightly differdm that maximizing
the electric power production, while the “optimdifute solution velocitwiow was found
to be high for the power production and low for tyele efficiency: in particular &ow
<0.04M and aviow of about 0.5 cm/s resulted into the highest edficly.

Under these conditions, a maximum exergetic efficyeof about 22% was found thus
suggesting that Reverse ElectroDialysis Heat En@REEDHE) with thermolytic salts
could be a feasible way to convert unworthy wastat fat very low temperatures into
valuable power. Note that, to the author knowle&gdinity Gradient Power Heat Engines
(SGPHE) is the only technology able to perform soohversion at these temperature
levels.

On overall, the present work shows the energetsilfdity of the process, although
the present analysis does not take into accoune swm-ideal phenomena in the RED
unit, the absorption column in the regenerationt and the overall pumping costs. As a
future work, once all these aspects will be tak#a account, an optimization study will
be purposely performer to recognize the optimaraioey conditions and the actual full
potential of the heat engine.

Moreover, much effort should be still devoted te ®GPHE technology in general
(including the ones with thermolytic salts) maiaiyned at identifying, among the many
alternatives, the solvent-solute couple and themegation strategy able to maximizing

the power production and the cycle efficiency.
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CONCLUSION SECTION |
The present thesis is devoted to explore new mettogroduce energy and minerals
from waste sources, with focus on integrated cytdelose the production loops”. In
particular,Section Iwas dedicated to the study of the Reverse Eleetlysis (RED) fed
with artificial solutions that, after producing etdcal energy, are regenerated by means
of a thermal process. This is the idea of a Sgli@itadient Power Heat Engine (SGPHE),
in which industrial waste heat is converted in&céical energy. A huge amount of waste
heat is lost at low-medium temperature (40-100 &y this work has the purpose to
exploit it in a RED closed loop (RED-CL) with highefficiency than reported in
literature. In order to bring up the knowledge dRED Heat to Power” systems, the
following activities were carried out:
(i) analysing theoretically and experimentally therformance of a RED unit
operating with different salt solutions;
(i) developing a simplified RED model with lumpparameters and validating it
with experimental results;
(i) developing a model for the regeneration ofrthelytic salts with the process
simulator Aspen Plus and validating it with expeirtal results;
(iv) integrating the two models for the study oé tentire closed-loop process and
performing sensitivity analysis focused on the ewlkeaent of exergetic

efficiency of the cycle.

(i) The Reverse Electrodialysis system was widedgadibed showing the main
properties of the lon Exchange Membranes (IEMs)k €Rperimental methodologies
adopted for the performance analysis of differaftssn a RED unit were reported. Both
regeneration strategies, solvent extraction andesataction, were taken into account.
Salts with good properties to theoretically maxieniie RED output power were selected
starting from literature works and two thermolydalts able to be regenerated with waste
heat at low temperature (40-60 °C).

Lithium bromide was chosen due to its high soltypiéind high activity coefficients
for high concentrations. The power density measargsishown lower performance than
sodium chloride considered as the reference sadf) & a concentration of 10 molar was
adopted. Membranes properties with this salt wepeemental measured showing good
membrane resistance values, good membrane swedling but poor permselectivity for
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the anion exchange membrane (80% at 0.5 M LiBm. liquids, salts at liquid phase
already at 25 °C, were tested showing poor perfoomaue to the high CEM membrane
resistance (around %3 cnv).

Ammonium hydrogen carbonate and ammonium carbanhate thermolytic salts,
were tested with a lab-scale RED unit. The effdaifierent operative parameters on
power output were analysed. Ammonium hydrogen cat®o resulted as the best
thermolytic salt.

New ideas were presented such as the use a mofdttinese two salts and the use of
support salt in order to improve the power productMore than 60% higher power output

can be obtained with this new ideas.

(ii) A simplified RED model with lumper parametessas developed and presented.
Some simplified assumption have been made duriagrtbdel formulation, neglecting
some non-ideal phenomena. This model can simiiategeration with 41 salts including
for the first time NHHCOs-water solutions. The model was validated usingeexrpental
results of monovalent and bivalent salts. In pakiic the model was tuned for the use of
ammonium hydrogen carbonate. A good agreement bizsned between experimental
and model values.

Finally, sensitivity analysis were carried out vagy different parameters (i.e. inlet
concentrations, solution flowrates and membranggmntes) The best corrected power

density was obtained with ammonium chloride (8 Wémai).

(ii) A regeneration model was developed using@cpss simulator (Aspen PR)sIn
particular, the performance of hot air stripping 8 °C) was simulated. Starting from
literature works, ENRTL-RK thermodynamic packageswehosen to calculate the
properties of ammonium hydroxide solutions. Thermasues were the contemporary
presence of liquid and gas phase and the eleatrobtiure of the solutions.

An air stripping test-rig was designed, built amdtéd in order to investigate the
performance of this device for the regeneratioNidfHCO; solutions. Different operative
conditions (i.e. solution concentrations, air floates and packing materials) were tested
and the results, in terms of outlet solution coniditgy and pH, were compared with the

model predictions finding a good agreement.

174



Conclusion section |

(iv) An integrated model for ammonium hydrogen cendite was developed merging
the lumped RED model and the Air-stripping regetienamodel. Specific thermal duty
(kwWh/m?®) were calculated as a function of air strippintgirand outlet concentration.
Different relations were extrapolated from theséadand they were introduced in the
simplified RED model in order to calculate the @ffncy of the whole system. The model
was used to perform a sensitivity analysis evahgathe impact of different operative
conditions on the whole system efficiency.

An exergetic efficiency of about 11% was found gsithe currently available
membranes but this value can increase up to 22%uife optimised membranes are used.
These efficiency values suggest that Reverse BRElysis Heat Engine (REDHE) with
thermolytic salts could be a feasible way to cohwerste heat at very low temperatures

into valuable power.
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6 THE SEAWATER INTEGRATED CYCLE

Abstract

The concept of ¢ircular economy is recently proposed as a new way of looking at
the relationships between markets, customers ahdahaesources. In this context, a
waste of a process can be used as a feed for anotbeler to obtain goods with added
value.

In accordance with the circular economy concepthis chapter, an integrated cycle
to produce energy, minerals and fresh water froawaéer is presented. Desalination
plant, saltworks, magnesium hydroxide manufacturamgl salinity gradient power
processes are integrated each other to obtain gichinimizing waste production.

Starting from seawater, fresh water and table asdt produced separately in a
desalination plant and a saltworks, respectivehe #wo process can be integrated using
the resulting brine from the desalination plantfesd in the saltworks process, thus
resulting in an increase of salt production of @b®&0P6. At the same time, saltworks
produce a waste, a bittern reach of magnesium (80mo 45 g/l), which can be exploited
to produce pure magnesium hydroxide with a reacpivecipitation. The remaining
exhausted brine, containing mainly monovalent qeltg. NaCl and KCI) can be used in
a Reverse Electrodialysis unit to produce greemggnand a diluted solution to be
disposed back into the sea, closing the loop.

In this chapter, the idea of the integrated cysheidely described mainly focusing on
the magnesium hydroxide production. State of ateohnologies currently adopted for

Mg(OH), production from brine and market information alsoaeported.
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6.1 Introduction on the seawater integrated cycle

In the last two centuries, after the industrialaletion, the difficulty in finding new
sources of raw material has become a problem afiggpimportance. This PhD work,
has identified new and unconventional sources ohgmy goods for human life (e.g.
water, salt, energy, raw materials) and for a snekde economic growth in the geographic
areas where conventional resources are no londgécient to meet the demand. In
particular, the idea is the valorization of seawétat can be considered as inexhaustible
sources of goods. In this context, there are ajraatlistrial processes for the exploitation
of seawater: desalination process for the prodocté freshwater from the sea;
technologies using the sea to produce renewablgyeme various forms; saltworks for
the production of sea salt and industrial procefsethe recovery of magnesium from
seawater. However, it is possible to imagine anstrintegration between all these
processes by developing integrated production egieé of fundamental goods to
minimize costs and reduce supply risk, which is n@amked among the criteria for
assessing the level of criticality of a resourcégl

In the industrial world, there are often no int¢i@es between the actors involved in
the market sectors outlined above. But, an integrapproach might have an enormous
potential, as demonstrated by recent literaturelissuon the re-use of brines from
desalination plant to produce table salt and athieerals [6,146] and for the production
of electricity with Salinity Gradient Power techagles [19,147].

In particular, focusing mainly on the possibility ‘@lternative mining" extraction,
magnesium should be taken into account among ntinénat can be extracted from
seawater because of the high added value. It &eptén large quantity in seawater and
above all in brines generated in different inda$fprocesses.

Recently, magnesium is counted among the twentjticalr raw materials for

Europe's economic and social development as showigure 6.1 [145].
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Figure 6.1: 20 critical raw material identified Buropean Commission according to economic
importance and supply risk [145].

The worldwide magnesium production (in terms of ieglent magnesium oxide,
MgOeg) is about 12 Mt per year (2012), but only 14%risduced in Europe (Figure 6.2),
this involves more imports to meet the increasiegndnd (Figure 6.3). Magnesium is
today extracted mainly from mineral rocks (bruaied magnesite), although there are
precipitation and/or crystallization processes afjmesium hydroxide from seawater and
natural brine.

Figure 6.2: Worldwide production of equivalent magium oxide (2014).
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Figure 6.3: UE import and export trend [148]

However, recent studies have already demonstratgdtine from desalination plant
and even better waste bitterns from saltworks, tramally are treated due to the
environmental constraints imposed by the legistaticontain very large quantities of
magnesium potentially recoverable with reactivecimigation processes [6,146].

The idea of integrated cycle studied in this Ph&sthis shown in Figure 6.4. It follows
the concept of circular economy in which a wastecpss can become raw material of
another process. The seawater can be used inlindésa process to produce fresh water,
generating a brine as waste stream. This is comgldeday as an industrial waste stream
that must be disposed in accordance with stringemtronmental standards but in the
proposed integrated cycle it can be used as s&twiat current, thus eliminating disposal
costs for the desalination plant and increasingpalduction of about 30% [6]. The salt
produced can be used as table salt and/or industifa or converted, through a re-
crystallization step, in high purity NaCl, to bepplied to chemical companies as a high
added value product. Exhausted saturated bring fhe final saltwork basins, can be
used to feed a magnesium hydroxide reactive ptatipn process. Finally, after the
magnesium recovery, the remaining solution stiilissted in NaCl, can be recirculated to
the salt crystallizing basin to produce other saf sr further used to feed a Reverse

electrodialysis unit which, also fed by sea or kigttwater. The system is able to produce
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electricity from the salinity difference betweerettwo solutions, thereby helping to

significantly reduce the energy required by thererdycle.

Seawater Salt

. Exhausted
Brine brine
Mo
Seawater : Natural brine
Brackish water =/ Industrial brine
Fresh water .
Magnesium

Figure 6.4: Integrated cycle scheme for the vadbids of resources from seawater.

However, the main objective of this thesis sect®ofocused only on one step of the
integrated cycle. New techniques are developingHerrecovery of magnesium, in the
hydroxide form, from waste brines. In particulainks from saltworks are exploited even
if all the devices and techniques presented cappked also for industrial seawater brine
that can be independent by the integrated cycle.aMailability of natural and artificial
brines from sea water is independent by the intedraycle implementation and it can
represent a resource with a “democratic” geogragrstribution if compared with the

mineral resource of magnesium.
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All the tests were made using natural brines frattwerks in Trapani (Italy). In order
to better understand the environment in which ttigebis collected, the process adapted
in a saltwork for the production of table salt, Wbk described in more details in the

following paragraph.

6.2 The operating cycle of sea saltworks

The most ancient and basic method to obtain sah fsaline water is by means of
natural evaporation through the sun. Sea salt ur@ady mentioned in a Buddhist
scripture wrote in the mid-5th century BC [160] daday is still one of the main resource
of salt. In a typical process, salt water is trappea proper ponding area, so the heat of
the sun and the action of the wind evaporate therwaaching the maximum solubility
of salt that arises its precipitation and harv&be natural evaporation method has three

main prerequisites:

e Geographical position close to a brine source dddlkes, sea or other saline
bodies);
e A predictable hot dry and/or windy climate;

+ A flat area for the construction of saltworks.

For these reasons, normally the salt ponds areat#d in the coastal zones of
countries and in a flat depression [149].

In a traditional saltwork cycle, a pre-evaporatiammd is used for the organic material
settling out. In this step, the salt concentratimmeases to around 6%, double of medium
concentration in seawater. The brine is moved tltem concentration ponds where
calcium and magnesium carbonate are precipitatethieg with gypsum. This first
crystallization pond is commonly called pickle pavhen the salt content reaches 25%,
the brine is moved to others large basins (oftéledanaiden brine at this stage) where a
fully evaporation is allowed. Pure salt (9699 %) with thickness around 30-40 cm is
harvested annually or every two years. Before tloelyct is packaged and sold, the salt
is washed with 25% sodium chloride brine. The neaidrine is called bittern and may be

returned to the salt water source [149].
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In 2011, the world production of salt was aroun@ 2&. Around 40% is produced by
solar evaporation of seawater or inland brinesthademain amount is divided between
rock salt (26%) and brines (34%) as reported imfed.7.

More than 50% of the countries in the world havyemaduction facilities considering
all the methods available for its production (edisanal evaporation works, advanced
multi-stage evaporation in salt refines etc.). 8ak over 14,000 applications and it is the
extensively used mineral after iron ore. Around G8%onsumed in the chemical industry,
predominantly in the chloralkali products and swtith soda ash. The remain part of the
total production is utilized in road de-icing, humzonsumption and other uses including
animal feedstuffs, water treatment and industipaliaations [149].

As reported above, the bitterns in the sea saltsvark normally moved back to the
sea but according to the idea of integrated cyigkedan be further used as raw material
in the magnesium hydroxide production. In ordesgsess this opportunity, bitterns from
local saltworks are collected and exploited forthadl tests performed in this PhD work.
Specifically, the bittern is taken from saltwork®eated in Trapani, in the west coast of
Sicily (Italy) that has all the peculiarity des@ibabove: close to sea in a flat region and
with a dry/windy weather. Since the Roman timea,sadt is produced in Trapani [6] and
in some of saltworks constructed there, that atarabprotected area, the salt is still
handmade harvested.

In order to described a typical sea saltwork cyl€rapani, the Mariastella saltwork
(in the western coast of Sicily) was chosen as @kammeporting data from Cipollina et
al. [6]. The concentration of salt is increasingnirseawater condition (around 37 g/l) up
to sodium chloride saturation concentration. Theis&ella layout is reported in Figure
6.5.
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Figure 6.5: Traditional layout of Mariastella sattik [6].

The water is moved in four orders of ponds subeididn accordance of defined

density range. All the data following reported egkated to Maristella saltwork [6]:

First order, commonly calletold ponds with a density range from 3.5Bé
to 5-6Be. The surface is around 20-25% of the &#Hivork area with a depth
of 50-100 cm. Represented in Figure 6.5 as FRIF&R®

Second order, callédriving pond$ with a density range from 5-6Be” to 10—
12Be. Also in this case, the surface occupied legdhponds is around 20-
25% of total area with a depth always lower thar®0 They are represented
in Figure 6.5 as VAC, VG1, VG2 and VG3.

Third order, so-callethot ponds, in which the brine from the driving ponds
reaches the sodium chloride saturation conditioh7(2¢). Many small
ponds are used for this purpose and the numbemndeppn the saltwork
design and dimension. These ponds cover around%®ef the total surface

with depth power than 40cm. Each sequence of hadpéeeds one or more
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the crystallization ponds, the fourth and last esd&hey are represented in
Figure 6.5 as CSE1, CSE2, SE1, SE2, CAland CA2.

e Fourth order are the crystallization ponds (CR1,2CFhat commonly
covered only 15% of total saltwork surface. Thegmare very shallow with
a depth lower than 25 cm. During the hot seasangtst (around 10 cm) is

broken and the salt is harvested once or twice/gar.

All the saline solutions are moved by gravity orrbgans of pumps with low prevalence.
The four steps described above can be considegetirastional crystallization”, in which
step by step the salts present in the inlet seawateipitate. “Fractional” term is used
because the solubility of the salts dissolved ireware different, this can allow the
precipitation of mainly calcium in the first basiasd forded sodium chloride at high
purity (97 -99%). The final bitter is very reachriragnesium, because it forms salts with
high solubility, with a poor concentration of patasn, calcium and a saturation of

sodium. The trend can be observed in Figure 6.6.
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Figure 6.6: Trend of cations concentration (g/nal Mariastella basins. [6].

In 2012, Cipollina et al. [6] demonstrated the reaplementation of the first three
steps of the integrated cycle proposed in this wéhe waste brine from a MED-TVC
plant was used to feed Mariastella saltwork, tlosest traditional salt production site. In
4-year experience, they demonstrated the feagihilfitthe process obtaining 30% of
production increasing. Moreover, some preliminasts were performed at laboratory
scale in order to prove the recovery of magnesiuvomfwaste bittern. High-purity

magnesium hydroxide with high precipitation effiody was obtained.
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Starting from this preliminary results, in this Phidrk was made an experimental
campaign in order to study two continuous reacforsthe recovery of magnesium
hydroxide from waste saline brines: a multiple fedag flow reactor (MF-PFR) and a
patented ionic exchange membrane crystallizer (@JI1E

In the following paragraphs are reported more tetaei magnesium hydroxide market
and the main way to produce it, in order to highlithe importance of this salts in several
sectors and the necessity to find alternative ssufor the production, especially in

Europe.

6.3 Market of integrated cycle products

The application of the integrated cycle for the amtement of sea water involves the
reference to different markets such as water, m@biedustrial salt and magnesium. In the
following subparagraph, market details are repoftedresh water and salt while more

details are described on magnesium hydroxide marke@tapplications.

6.3.1 Fresh water and salt market

The desalination market is growing very fast: thediterranean region is one of the
regions where this growth is happening faster. igdar example, is the largest user of
desalination plants throughout the western worldilevMalta assigns 57% of its water
needs, to desalination. Moreover, desalinationtplare starting to appear not only in the
regions commonly called "arid": for example, thendon-based company Thames Water,
which supplies water to the city, built the regsofirst desalination plant. The capacity of
desalination plants in the word is currently estedato be around 100 million ¥day,
with a turnover of about 15 billion dollars per yeH is expected that the desalination
industry will continue to grow very fast.

The only possible limiting factors are currently tfie disposal of the brines and (ii)
the energy demands, aspects that are both effgctolved by the idea of the integrated
cycle and are a useful strength for a future idgalementation.

The position of the saltworks, an integral partpobposed system, is located by
definition in arid, coastal and dry areas, ideaViemments for the installation of
desalination plants as they have easy access wateaand often they face problems of

lack freshwater.
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As concerning the salt (NaCl), 40% of it in the ldds produced by solar evaporation
of sea water or internal salt basins. The remagd isalt, is produced from mine rocks

(26%) or from brines extracted from mine waters434149] as shown in Figure 6.6

Figure 6.7: World production of salt by type in 2q149].

The salt used in the chemical industry covers 68%eglobal market, the salt from
the salt spreaders in the frozen road surface i$8%8, while the remaining 10% is
represented by the food sector (direct consumgtiwhfood processing).

Overall consumption of salt in 2013 was estimatedraund 288 million tonnes, up
from 277 million tonnes in 2012. It is, indeedrend that is expected to grow. The growth
in global demand has been estimated to be abo@b & year as the increased salt
consumption in developing countries should comptenta the reduction in per-capita
consumption in the most industrialized countriesrémsons related to the human health
[149].

Moreover, it is expected a 70% increase in the regjtirements deriving from the
chemical sector from today to 2018. Annual growtalmut 4.3% is expected in the world
production of chloroalkali which will increase thalt demand by about 30 million tonnes
in that period, while a further increase in demafdmost 12 million tons will come from
the production of caustic soda powder for whichiremmease of about 3.5% per year is
expected. Future trends in the demand for sathi®food market are obviously linked to
population growth and per-capita consumption levels

At the same time, the production of salt also meseased by about 2.2% per year

since 2000, reaching 287 million tonnes in 2013.
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Regarding the production segmentation, it turnstioait Asia is the leading producer
of salt by covering alone 35% of world productiarile 24% (about 66 million tons in
2012) is covered by the European Union countrieeog the countries of the Union
stand out 7 countries (Germany, Russia, the Nethes, the United Kingdom, Ukraine
and Poland) each of which produced more than 4amitons in 2012 and that together
produce 71% of the salt of European origin.

Of all this salt production, only 7% is of maringgin, produced along the coasts of
France, Greece, Italy, Portugal and Spain andahédages present in Russia and Ukraine
[149].

Market trend for fresh water and table salt

The balance between water demand and availabidis/reached a critical level in
many areas of the world. This is the result of szbe= resource exploitation and
prolonged periods of low rainfall or drought comgginwith an ever-increasing demand.
In 2015 the World Economic Forum in Davos clasdifieater as the current number one
threat for the society.

The water crisis has led to a rapid growth of deatibn market, mainly involving the
regions of the Mediterranean area but in recentsyaigo cities not considered as arid as
London.

The production capacity of desalination plants dwitie is currently estimated at
around 92 million rper day (Figure 6.8), which represents a 10-folddase over the
last 30 years: in fact, the capacity in 1986 was khan 10 millions of frper day [150].
The annual sector turnover is estimated aroundHiffi@ dollars/year and is expected to
increase around 19.9 billion dollars/year in 20281]]. The graph below shows the
installed capacity growth of desalination plantsnir2000 up to now and the forecasts
growth for the next 15 years. The only factors ttat slow down this growth are related
to the excessive energy consumption and brine da@pproblems that are solved by the

application of the integrated cycle proposed is thork.
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Figure 6.8: Cumulative capacity of installed desatiion plants from 2000 till 2015 and forecasts
for the next 15 years [151]

The cost for water desalination widely varies amgeahds substantially on certain
parameters such as the technology, the cost ofjgnitie scale of the desalination plant
and the composition of the feed water. The costgeas from 0.50 to over 10 $nbut
today the cost of fresh water produced by efficlange plants operating under normal
conditions is converging to a value lower thangde$ n? of desalinated water [152].

On the other hand, the price paid for water by aedrs is often defined at the
municipal level and it depends on many factorduigiog social and political aspects. As
a result of this, the world variations, but alsévieen the municipalities within the same
country can be very large, as shown in the follagfigure (Figure 6.9).

Even if the situation should be analysed case bg,deom Figure 6.8 and Figure 6.9,
it can be stated that the production of desalinatgter will increase in the future, opening

new possibility to apply the integrated cycle cqrice
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Figure 6.9: Price for municipal water (USD¥nmthat includes the fixed cost for water and

wastewater, the variable cost of water and wastveatd the sales tax [153].

For the second stage of the integrated cycle,ahkefindustrial salt, the price varies
depending by the production methodology as caryelsiseen in Figure 6.10. Salt-in-
brine usually holds the lowest price because miaing processing are minimal. On the
contrary, the salt obtained by vacuum evaporatonsually by far the most expensive
due to the high energy consumption and the highymopurity.

Observing the price trends shown in Figure 6.1@ait be noted that the salt price

remains essentially constant except in the caffeeaévaporative process due to the costs

related to energy consumption.
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Figure 132: USA: Average annual values of salt by type, 2002-2012°
(US$/t fob mine and plant)’
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Figure 6.10: Trend annuale del prezzo medio del®&Cl) dal 2002 al 2012 al variare del processo
di produzione (Source: Roskill, 2016)

6.3.2 Magnesium hydroxide market

Magnesium hydroxide is marketed globally for itsmmarous high value-added
applications. The global consumption of this prdchas increased by around 13% from
2009 to 2013. Its main applications include its (is@ environmental protection as agent
for desulphurisation and for water treatment, iiithe field of flame retardants, (iii) in
the pharmaceutical field and (iv) in other minoplgations. The relationships between
each of these applications are different from zoreone, in particular, as shown in figure
3.1, in Europe most of the sales of magnesium hydeoin 2015 concerned the field of

environmental protection followed by that of flametardants.
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Figure 6.11: The main applications (based on saks)agnesium hydroxide in Europe in 2015
[154]

The demand for magnesium hydroxide in Europe rahd28 thousand tons in 2015

and it is expected to grow with a CAGR (i.e. Compbénnual Growth Rate) of 2.62%
from 2016 to 2021 [154] (see Figure 3.2).
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Figure 6.12: Magnesium hydroxide consumption pemty in Europe in the period 2011-2016
[154]
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On the other hand, on the supply side, there arenskrge companies producing
magnesium hydroxide that together have a productagacity of about 109 thousand tons
(see Table 6.1) which covers about 85% of the EeanpgJnion's needs. Obviously, this
estimate is based on the assumption that all tiggesaum hydroxide produced in Europe
is sold within the Union. The European Union isrétfiere forced to import a quantity of
magnesium hydroxide which ¥15% of its needs (= 15% if the assumption was yalid
There is, therefore, a part of the market thatlmattacked and therefore a good margin
for the insertion of a new manufacturing compamgady within the European market. It
should also be noted that some of the companieptbduce in Europe are owned by
foreign stakeholders, determining a greater suppkyfor the European market.

It is estimated that the European magnesium hydeoxidustry has reached a revenue
of about 214 million dollars in 2015, which is exped to grow with a CAGR of 1.07%
from 2016 to 2021.

As far as the global magnesium hydroxide markef,cavth in demand of 4.6% was
expected in 2016, corresponding to a total produactif about 943 thousand tons. The
magnesium hydroxide market was valued at aboufi$8kon in 2015. It is also expected
an increase in the consumption of magnesium hydeoxspecially in the field of
environmental protection, which is seen as the meamoter for the growth of the whole
market. Indeed, in countries with an emerging econattention is also growing towards
environmental problems linked to human activity.eTimcreasing investment in the
treatment of both urban and industrial wastewatéhé field of oil & gas companies, in
the chemical industries, and in power plants sheepdesent a further boost to the growth

of the global market.

Table 6.1: Production of magnesium hydroxide (Tafrthe main European industries in the sector
in 2015 [154]

Main European Industries Magnesium Hydroxide Production
in Europe in Europe (Ton) in 2015

1 Russian Mining Chemical 25000

2 RHI 24000

3 J.M. Huber 20000

4 Nabaltec 20000

5 Kisuma Chemicals 12000

6 Nedmag 6000

7 Kaustik 2000

196



The seawater integrated cycle

It is worth noting that also the application fiafi flame retardants leaves space for
enormous growth opportunities. In fact, users dbdpanated flame retardants are facing
the increasing criticisms that push them to mowwatds more reliable alternative
retardants such as those based on magnesium hyerdhis market segment involving
the application of magnesium hydroxide in flameargants showed a 4.4% growth in
2016. The North American region dominates the dlategnesium hydroxide market for
flame retardants followed by Europe and Asia -ReaifThe main industries producing
precipitated magnesium hydroxide are found in Néwtterica (USA and Mexico), Israel,

Western Europe, China and Japan.

The market of magnesium main compounds

Magnesium hydroxide can also be sold as an inteateedor the production of other
magnesium compounds such as magnesium metal angbsiagy oxide. Therefore, it was
considered appropriate to refer also to the magnesnetal market and to that of all
magnesium compounds in their entirety.

The following graph shows the worldwide distributioof metallic magnesium
consumption. It is noted that China, in additiorb&ing the world's largest producer of
magnesium, also appears to be the main consuntieryiitg by Europe and the United
States. Analysts predict that global magnesium wapsion will increase by 7.7% a year
until 2019.
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Figure 6.13: Worldwide distribution of Magnesiumtaleconsumption in 2014
The table below shows imports and exports of magnesver the last few years. This

information is useful to understand which countgesin greatest need of magnesium and

which are able to produce in such quantities tivey tan be exported.

Table 6.2: Magnesium import-export in the worldhe period 2008-2014 [154]

Export (kton per year)
2008 2009 2010 2011 2012 2013 2014

China 396.6 2335 384 400.1 3711 4111
Germany 352 21,2 26 264 277 32

Israel 41 20,8 23,1 268 193 27,8

USA 158 223 179 134 20 18,6 18
Netherlands 5,2 4,9 10 10,7 12,7 14,6
Austria 51,9 358 49,7 323 22,7 143
Canada 30,1 16 13 142 13,1 10,6

Import (kton per year)
Germany 65,7 365 50,2 532 56,1 586

Canada 524 26,1 471 479 52,1 50,6

USA 86,7 47,8 52,7 488 52,3 46,1 55
Japan 459 28,4 405 42 384 338
North Korea 17,7 17 184 21 228 27,2
Austria 24,7 12 20,2 185 18,1 18,5
Great Britain 13,1 10,8 18,3 16,7 15,7 158
Mexico 11,2 6,7 8,4 11,7 13,6 158
France 17,4 10,2 12,7 14,1 144 154
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For quantitative analysis, concerning the markehafjnesium compounds (including

hydroxide, magnesium oxide, magnesium metal, gtds)used to refer to the equivalent

magnesium oxide thus to include in a single volttha compounds. The following table

[USGS] shows the world production of magnesium coumals in equivalent magnesium

oxide in 2014.

Table 6.3: World production of equivalent magnesmxite in 2014 in [154]

Magnesite Seawater or brines

Country Caustic-Calcined Dead-Burned Caustic-Calcied Dead-Burned Tot
Australia 218 110 328
Austria 76 325 401
Brazil 96 380 12 488
Canada 100 100
China 1440 2740 4180
France 30 30
Greece 90 110 200
India 20 202 222
Iran 25 40 65
Ireland 90 90
Israel 10 60 70
Italy 25 25
Japan 50 70 120
Jordan 10 50 60
North Korea 25 100 125
Republic of Korea 40 40
Mexico 15 95 110
Netherlands 10 205 215
Norway 30 30
Poland 10 10
Russia 380 2500 2880
Saudi Arabia 39 32 71
Serbia 35 35
Slovakia 465 465
South Africa 12 12
Spain 150 70 220
Turkey 106 544 650
Ukraine 170 20 80 270
United States 140 191 195 526
Total 2940 7730 378 885 12000

As can easily be deduced from the table, magnesiasnhave a mineral origin or be

obtained from sea water and natural brines by pitation processes. Magnesium of

mineral origin generally has a lower purity thaattbne produced chemically which often

does not correspond with higher added value apfita such as flame retardants. It is

worth noting that today the magnesium compoundsnoferal origin are the most
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produced: the production of magnesium compounds froneral corresponds to 89% of
the world production of magnesium hydroxide, wloldy the remaining 11% derives
from processes recovery from brine/sea water.

Table 6.3 shows that China, Turkey and Russia cabaut 84% of the world
production of equivalent MgO: of this 84%, 67% eguced by China alone. Japan, the
Netherlands and the United States together coees b6 of the world production of MgO
equivalent from brine/sea water. Note that nonghef considered countries produces
magnesium from saline brines, in fact the brinésrred to in Table 6.3 are natural brines
that determine obvious geographical-logistical fations for the distribution of the

product.

Magnesium hydroxide market segmentation on the productive process base

The main classification that generally occurs anrttagnesium hydroxide product and
on the relative market depends on the type of pribalu process: certainly, each company
has some peculiarities even with the same produgiimcess. However, the general
process scheme, and therefore the correspondingetmaran be distinguished in two
macro-segments:

« Physical process;

» Chemical process.

As can be seen from the next pie chart, the phlypimaess market segment is the

largest in terms of produced and sold tonnes.
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Figure 6.14: Magnesium hydroxide market segmemaiiothe production process base

Nevertheless, from a rapid analysis of the suceedsibles, it can be noticed that
magnesium hydroxide obtained chemically has higldeled value and consequently the

segment relating to this product is more profitable

Table 6.4: Profitability of the European market megts divided according to the production
process [154]

Table Price (USD/Tonne) of Magnesium Hydroxide by ¥pes 2011-2016

Price(USD/Tonne) 2011 2012 2013 2014 2015 2016
Chemical Synthesis Method 2533 2454 2387 2322 22712201
Physical Method 1347 1305 1239 1286 1276 1204
Average 1870 1812 1762 1714 1677 1625
Table Cost (USD/Tonne) of Magnesium Hydroxide by Tyes 2011-2016
Cost(USD/Tonne) 2011 2012 2013 2014 2015 2016
Chemical Synthesis Method 1628 1592 1555 1520 14971459
Physical Method 938 915 873 905 902 857
Average 1258 1228 1199 1171 1153 1123
Table Gross (USD/Tonne) of Magnesium Hydroxide by Yipes 2011-2016
Gross(USD/Tonne) 2011 2012 2013 2014 2015 2016
Chemical Synthesis Method 905 862 832 802 774 742
Physical Method 409 390 365 381 374 347
Average 612 583 563 542 524 502
Table Gross Margin of Magnesium Hydroxide by Type2011-2016

Gross Margin 2011 2012 2013 2014 2015 2016
Chemical Synthesis Method 35.73% 35.14% 34.87% 384.5 34.10% 33.70%
Physical Method 30.37% 29.88% 29.50% 29.60% 29.3228.82%
Average 32.73% 32.20% 31.95% 31.64% 31.25% 30.88%
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The physical production process of magnesium hydesstarts from mineral raw
materials such as brucite and magnesite.

Without going too much into the technical details following figure shows in a
block diagram the most salient aspects of the phygiroduction process. It starts from
the recovery of the mining rock by controlled exgtms and mining. The collected
material is transported to the plant where it issbed in a small size. The produced matter
is transported by means of a conveyor belt to dpasation unit in order to separate the
materials from the impurities. Once the separatambeen completed, the product can be
sale as mineral magnesium hydroxide or is furthesting and screening to achieve the

market required specifications.
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Figure 6.15: Block diagram of physical magnesiurdrbyide production process
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The chemical process, on the other hand, usualtysstrom raw material from sea
water or much less frequently natural brine. Unlike previous case, this production
process involves a chemical reaction as can dasiseen from the diagram below (Figure
6.16).

Alkaline reactant is used generally in the chemieadction forming magnesium
hydroxide that is poorly soluble in water. The prod precipitates frecipitated
magnesium hydroxidlecreating a slurry which is further filtered todree the water
content. The slurry once depleted in water carolikis this form or undergo a subsequent
drying process and sold in powder form.

In the pharmaceutical field, another crystallizatistep is commonly expected
(crystallized magnesium hydroxjdén order to increase its level of purity and the

granulometric characteristics.

Raw Materials ~ f==—2» Reaction  p==3»| Purification [=—23» Drying

v

Product

Figure 6.16: Block diagram of magnesium hydroxidedpiction by chemical method

Magnesium hydroxide market segmentation on the application base
As already mentioned before, magnesium hydroxida&amly used in the following
field:
« environmental protection field: waste water tregimd gas desulphurisation
+ flame retardant
e pharmaceutical use
In the environmental protection field, the refeenuoarket is subdivided into the one
related to wastewater treatment and the one retattte neutralization of acid gases. In
the treatment of wastewater, the main use of magmebydroxide is pH control, acid
neutralization and removal of heavy metals thropgdcipitation. The customers are all
those industries that have to treat industrial exater and even municipal wastewater

treatment plants. Considering the high number i type of plants in Italy and in the
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world, this market sector is flourishing and grogiifrurthermore, magnesium hydroxide
is replacing more and more sodium hydroxide (sodhydroxide) and lime (calcium
hydroxide) as neutralizing agent. For this useagmesium hydroxide with not high purity
can be sufficient considered, obviously accordmthe specific purpose. Therefore, it is
a market slice that extensive use a mineral magmekidroxide, intrinsically less pure
and with less controlled particle size than preaipid one.

In the flame retardants field, the main consumersmagnesium hydroxide are
manufacturers of polymeric materials for constiugtielectrical cables and sheaths.
Magnesium hydroxide is added to the polymer mdtrireduce the flammability of the
final product.

Unlike what is mentioned before for waste watemtimeent, the field of flame
retardants involves the use of a higher purity reagmm hydroxide. The presence of metal
impurities could alter the final properties of thelymer and it is not recommended.
Therefore, for this applications is often requieegrecipitated magnesium hydroxide, i.e.
from sea water or natural chemical brine and rmnhfmineral. This compound is in fact
much purer and has a particle size distributionensuitable for the purpose.

In the pharmaceutical field, magnesium hydroxiden&inly used as a laxative or
antacid, although recently there are niche apjpdinatrelated to the consumption of
supplements. The pharmaceutical field requires ube of precipitated magnesium
hydroxide because it guarantees high purity andlyfabntrolled particle size. In some
cases, a very precise particle size (e.g. verypmgparticle size distribution and very small
particle size) is required that can be obtainedutyjecting the precipitated magnesium
hydroxide to a further crystallization step.

The price trend of magnesium hydroxide over thé Sagears based on the market
segmentation is shown in Figure 6.17 [154]. Ircales, the trend decreases very slowly,
without strong fluctuations. However, despite thésreasing trend, the analysts expect a
raisin in the 2017 [154].

Furthermore, Figure 6.17 shows how the price iseqdifferent according to the use
field. In particular, the highest price is recordedhe field of flame retardants, then the
pharmaceutical sector and finally the environmeptattection sector. In light of this
scenario, companies tend to produce magnesium kigaravith characteristics suitable
for the flame retardants production or for drugsreif the required quantities are lower

in these areas.
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Figure 6.17: European magnesium hydroxide pricedtri@ the period 2011-2016 for the main
application fields [154].

The price trend, shown in Figure 6.17 is also aamdd by the magnesium hydroxide
sale price on the production process base, showigure 6.18, because the precipitated
and crystalized products are used for the flamardant and pharmaceutical fields. The
values derive from an average of magnesium hydeogiites of the same type sold by
different companies. From Figure 6.18 can be oleskrvow the value of mineral
magnesium hydroxide is the lowest, indeed it isdothan thousand dollars per ton. On
the contrary, the average value of the precipitatadinesium hydroxide is quite high
because the chemical reaction requires the consumpif an alkaline reagent.
Furthermore, as expected, the average price otystallized magnesium hydroxide

obtained is higher than the precipitated magnesiydnoxide.
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Figure 6.18: European magnesium hydroxide sale pricthe production process base in the period
2011-2016 [154]

The magnesium recovery from saltwork waste brime gbjective of this PhD section,
is obtained by means a chemical reaction. Due ¢ocibst of alkaline reactant, the
magnesium hydroxide produced should have high tyuat terms of purity and
granulometry, in order to make the process ecoraliyisustainable. For this reason, the
target specifications chosen as guideline are thokeflame retardant and the

pharmaceutical sector. More details are in the paxagraphs.

6.4 State of art: alternative sources and production pocesses of magnesium
and magnesium hydroxide in the world

A number of works concerning the recovery of magmagrom brines are reported in
the literature. Already at the end of the 80s, Alith¥ [155] analysed the technical
feasibility of recovering minerals from the brinsacharged from desalination plants in
Gulf countries, starting from concentrations ofatotlissolved salts greater than the
seawater standard. The conceptual analysis of ggesefor the recovery of sodium
chloride, potassium salts and potassium, chlorimmmine and magnesium, was
performed underlining the importance of such apién, also with regard to the large
volume of brine produced in those years in Saudbfa (about 1,450 mgd).

206



The seawater integrated cycle

Three years later, the same author [156] focusedrdsearch on the recovery of
magnesium from a Saudi desalination brine as magmetydroxide (in 1988, the
production of magnesite was around 9 million tonygar, with about 33% of this coming
from seawater). The world’s largest producers ofjmesium were the United States,
Norway and the ex USSR. The idea was inspired byfdht that although about 60% of
global desalination plants were installed in GubiuGtries, no magnesium extraction was
performed. Several methods were analysed for théyation of magnesium, and for the
first time, cost estimation was proposed for thedpction of 2,000 tons/year of
magnesium considering the particular case of lpinduced in a desalination plant in the
Arabian Gulf. Adding up all cost items, a hypothativalue of 2,357 US $/ton was
obtained, which was lower than the selling pricen@fgnesium (3,370 US$/ton in the
United States). In a different context, i.e. theatment of waste brines from chlorine
production industry, Turek and Gnot [157] proposevo-stage system capable to give
magnesium hydroxide (commonly used in refractandsistry) as a by-product. In order
to industrially precipitate magnesium hydroxide,imhacalcined dolomite, burnt lime or
ammonia were employed. However, in this case, ttesgents could not be used because
of the risk of calcium precipitation, when emplayicalcined dolomite or burnt lime, or
danger of explosions in the electrolytic step, whaming the process with ammonia. For
this reason, the use of sodium hydroxide was prghoseading to technological
complications due to the slow sedimentation of Mg(OH). suspension obtained
(resulting in difficult filtration procedures). Thexperimental campaign highlighted that
the formation of the first crystalline germs wastuwally instantaneous. The primary
crystals of magnesium hydroxide formed had thesfiatcture characteristic of brucite. It
was found also that, if an excess of hydroxide was maintained during crystallisation,
the sedimentation speed was low and the filtetgbilias worse than in the case of
magnesium ions excess. About 10 years later, Suog-&%d Jun-Heok [158] proposed a
multi-step reactive process for recycling magnesihioride from brines derived from an
industrial membrane process for the production @EN In this case, sulphuric acid was
first added in order to precipitate calcium iomgreby leading to a higher purity product.
Then, the alkaline base (NaOH) was added for pitatipg magnesium hydroxide. The
result was a magnesium hydroxide with a purity 8#®and a structure of hexagonal flat

platelets. Furthermore, the main outcome of thekwaas to demonstrate how the rate of
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sedimentation could be improved by adding approprisedimentation agents and
aggregation inhibitors such as carboxy methyl tedkel and sodium stearate, respectively
(added in small dosage as they can remain as itigsuin the final product). Results
showed that halved sedimentation times can be athily this addition. A final product
with a magnesium purity of 99.5% and with crystaksof 0.5 microns was achieved.
More recently, Henrist et al. [159] investigatedwhthe operating conditions in a
magnesium hydroxide precipitation process fronfieidi brines, using alkaline aqueous
solutions (NaOH or N, affects the size, shape and level of agglonmraif Mg(OH)
crystals. The use of NaOH leads to the formationcafiliflower-shaped globular
agglomerates, while the synthesis carried out adfheous ammonia results into platelet-
shaped patrticles, characterised by a higher mecdlar@sistance. The temperature also
plays an important role, mainly on the agglomerabehaviour and particles size, which
show a tendency of small crystals to agglomerategermabout 60°C, while lower
temperatures lead to larger but fewer single dediim the shape of circular platelet. This
influence was confirmed also by the study condubte®ipollina et al. [6]. In 2011, Liu
et al. [160] developed a linear regression modelafdhe precipitation of magnesium
hydroxide from brines using NaOH, Ca(Qldy ammonia as reactants. Interestingly, these
authors propose the use of ammonia as an alkad@etant, which can eventually be
regenerated, after the Mg(OH)recipitation, by means of a thermal treatment {\H
very volatile and tend to evaporate shifting HNH3 equilibria towards NB). Authors
found that a much more regular shape of crystalgedisas a high degree of purity were
guaranteed using NaOH, compared to the case inhvdailcium hydroxide or ammonia
are used. However, the authors also found thaicfmegglomerate in the form of flakes,
containing large quantities of water, leading tfficlilt filtration process as already
reported in previous literature works [159]. In erdo address this problem, several
authors [159,161,162] investigated the use of msigne hydroxide precipitation with
hydrothermal treatment. However, this technolodygracterized by high temperatures,
high pressures and long residence time, does mwh 46 be suitable for large-scale
production. The use of organic additives and catalyvas also investigated [163,164],
but this leads to an inevitable increase of imsitn the final product. In 2011, Song et
al. [165] analysed the batch precipitation processhigh-purity Mg(OH» through
concentrated artificial solutions containing sodictmoride. Through an in-depth analysis

of process performance dependences on operatindjtioms, the optimal ones were
208



The seawater integrated cycle

identified in order to achieve Mg(OHK{grystals with spherical shape, purity higher than
99% and an average particle sizes distributionirgnfyom 6 to 30um. More recently,
the same authors [166] performed experiments ionéirtuous Mixed Suspension Mixed
Product Removal crystalliser. Also, in this cas$e main identified drawback was that
Mg(OH). nanoparticles can easily aggregate forming gedasiprecipitates, which create
filtration difficulties, as already underlined bgrae of the previous works. A fundamental
study was carried out by Alamdari et al. [167] iB08 on the kinetics of Mg(OH)
precipitation from artificial solutions and seatdit (i.e. very concentrated brines
generated from the evaporation of seawater). THwaslidentified three different kinetics
for nucleation, growth and agglomeration, respetyivNucleation rate was found to be
the dominant phenomenon in the consumption of*Mghile growth is comparatively
slow, especially when high super-saturation is taded. This is even more enhanced
with real sea bittern, although the agglomeratite seems to be improved in this latter
case, which gives rise to larger particles moréyessparated in the final separation stage.
Notwithstanding the significant number of laborgtoinvestigations on reactive
crystallization of Mg(OH) from concentrated solutions, little informationaigailable in
the literature on the investigation of precipitatishenomena from real saltworks brines.
Only in 2014 a work was published by Cipollina etf468]. An experimental campaign
was carried out for assessing the potentials aadittits of magnesium recovery from
real exhausted brines, collected in saltworksHergroduction of sea-salt (Trapani, Italy).
Experiments were conducted both in semi-batch antiruous crystallizers, confirming
the possibility to use reactive crystallizatiom@égover magnesium from waste brine. They
confirmed the drawback highlighted in previous rhteire works, consisting in the
formation of particles flakes incorporating largeaunts of liquor and making it difficult
their separation by simple sedimentation. Differexpperimental conditions were tested
in order to find the best to understand the eféecthe crystals size distribution. Higher
concentration of Mg allows the formation of larger particles. All theagnesium
hydroxide produced had high purity (98-100% in Mgh a total recovery of magnesium
from brine.
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6.5 Scope of this work

According to the idea of integrated cycle, this PiBsis section is focused on the
development of two continuous reactors for the reagmm recovery from waste saltwork
brine. An alkaline solutions is added to the wabtee consequently a reactive
crystallization occurs and the magnesium hydroxideluced precipitates due to its low
solubility in aqueous solution (solubility produbt510*?[169]). The reaction is reported

below:
Mg2+ + 20H™ = Mg(OH), (s) l [6.1]
A typical composition of waste brine is reported Tiable 6.5. The magnesium

concentration is almost 40 times higher than ims¢er and other competitive cations for

the reactive precipitation are not very concenttateeven absent as calcium.

Table 6.5: Typical composition of waste saltworkabr(Trapani — 06.2017)

Cations [g/l] Anions [g/l]
Na* K* ca* Mg F Cr Br NOs SQ2
56.3 11.3 - 46.8 - 184.1 25 0.9 62.5

A wide experimental campaign was performed with tdieé Feed Plug Flow Reactor
(MF-PFR) testing the effect of different operatipgarameters as feed flow velocity,
alkaline solution concentration, reactor length astter parameters. The operative
parameters were consequently calibrated in ordebtain the best condition in terms of
purity, conversion and granulometric distribution.

In parallel, a Crystallizer with lon Exchange Mermbe (CrIEM) was also tested with
real waste brine. This is a new technology recegmdlgnted by Cipollina et al [170]. Also
in this case, an experimental campaign was perfdimerder to assess the applicability
of this technology for the magnesium recovery pag@&everal set-ups were tested to

solve the technological issues described in tHeviwhg paragraphs.
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7 DEVELOPMENT OF CONTINUOUS CRYSTALLIZATION
REACTORS FOR MAGNESIUM RECOVERY FROM BRINES

Abstract

Magnesium is one of the 8 most abundant elementh@marth and the third most
abundant in the sea, but practically only two caaat(Russian and China) control the
world market for this compound. Due to this, thedpiean Commission has recently
included magnesium and magnesite among the 20caritaw materials” for European
economy and supply risk.

As demonstrated by previous literature works, eshtenl brines or bitterns can
represent a rich source of magnesium wittPMgpncentration being between 20 and 30
times more than in typical seawater. Magnesiumwegofrom bitterns can be performed
by reactive crystallization of Mg(OHRl)In order to move the R&D towards, a continuous
reactor for Mg recovery, namely the multiple feddgpflow reactor (MF-PFR) has been
constructed and tested at laboratory scale. Thedale MF-PFR operations have been
investigate in a wide experimental campaign focuse@ Mg-recovery from real
saltworks bitterns generated in Trapani saltwoS8isily, Italy).

The performance of different reactants and diffeogrerative condition was studied.
Product purity (up to 99%), Mg recovery (practigall00%), crystal morphology and
granulometric distribution of precipitated partel€¢agglomerated with particle size
ranging from few to few tens of micrometers) wexarained through careful laboratory

analysis and are presented in this chapter.
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7.1 Theory, state of art and new crystallizers for magasium recovery from
saltwork waste brines

As already mentioned before, part of this PhD thissfocused on the development of
new crystallizers for the recovery of magnesiunmfrealtwork waste brine. The process
exploited for the recovery is the crystallizatidm.the next paragraph, briefly the theory
behind the process will be described. This methad already used for the same scope
and some state of art works will be mentioned theoto understand the starting point of
this work. Moreover, the two crystallizers utilizedr the experimental campaign

performed in this PhD thesis will be described.

7.1.1 Crystallization theory

Crystallization is the formation of solid particlagthin a homogeneous phase. The
physical phenomenon includes the formation of plasiin vapours, the solidification of
melted mixtures or the species precipitation inemys solutions. Among the unit
operations of chemical engineering, crystallizai®important from a practical point of
view: it provides a separation tool useful for thanufacture of high purity crystalline
compounds with high industrial interest [171]. Frartechnical point of view, a product
of a crystallizer is a suspension kwonnaagma constituted by a solid phase of crystals
dispersed in a solution in aggregates or polyckystam. The structure of a crystalline
solid, the most ordered organization of inorganatter, results from the space repetition
of a basic cell with a well-defined geometrical gha

The necessary condition for the formation of a taywithin a solution is that the
solute is supersaturated: the species concentmatishexceed its maximum solubility for
the precipitation of it. The solubility is alwaysfanction of temperature. Many species
increase their solubility when temperature increadew others show a negligible
variation with it, while a third category of cheraispecies have an inverse solubility, i.e.
decreasing with temperature. A solution can be saperated in different ways: operating
properly with the temperature, evaporating a foaciof the solvent, and adding a third
component that alters the solubility of the solétmong the different methodologies that
make a particular solution supersaturated, havgetbighlighted the so-callecbmmon
ion effectbecause used in this PhD thesis: a third compisedded at the mother solution

having a common ion with the compound of interkat has to be precipitated.
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The physical processes that lead to the formatfam arystal in a saturated solution
are the nucleation and the growth, phenomena reggerrespectively for the formation
of the nuclei, i.e. the first stable aggregatesrdér above the tens units, and of the growth
of them through the continuous addition of solvatpdcies in the solution. Both of these
processes have the supersaturation as a drivieg,fdefined as the difference between
the current concentration (expressed in any uniectinical use) of the solution and the

equilibrium concentration:

AC = C — Cyyy (7.1)

The supersaturation degree, that is when the ealu8 more concentrated than

equilibrium, is given by the ratio between the attooncentration and the saturation

concentration:
(o Csqt+AC AC
S = =2 =14+ = =1+s (7.2)
Csat Csat Csat

In the expression (7.2) is defined the fractionabessaturatiors, a quantity that
expresses in relative terms the supersaturatiom iggpect to a reference concentration
that is the saturation [172].

Whether expressed in termsAf, Sors, the physical necessity of the supersaturation
in a crystallization process can be understootl i considered that the solubility is a
function of the characteristic length of the pdeic The dependence is known with
different denominations (Kelvin, Gibbs-Thomson, &kKelvin, Ostwald-Freudnlich)
and highlights a logarithmic relationship betwel@ toncentration and the length of the

crystals:

In(Gsar®y o 1 (7.3)
sat L
A particle with a length., and in particular a particle of micrometric dirsems, can
be in equilibrium with a concentratio@,,;(L) which is higher than the maximum
conventional solubilityC;,;. The first logical implication of the Kelvin lavs ithat, to

precipitate a particle, it is not enough to reant axceed the saturatiafj,;, but it is
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necessary to overcome it by a certain degree, ugefoake the equilibrium unstable of
the micrometric and sub-micrometric particles.Housld be noted that with the Kelvin
law, the particle returns to be in equilibrium witte saturation concentratia@lj,; if the
crystal length tends to infinite (the mathematig#inite, physically corresponds to
hundreds or thousands of microns) [172].

A crystal can grow only if microscopic aggregatgissent in solution, calleliclei
that can act as centres of growth. Nucleation is thenpimenon responsible for the
formation of nuclei. There are different types otleation that can act simultaneously
during the practical crystallization process. Asfiidistinction must be made between
primary or secondary nucleation. Primary here eeferthe first nucleus to form, while
secondary nuclei are crystal nuclei produced frgoneaexisting crystal. In turn, primary
nucleation can be subdivided into homogeneous @régeneous nucleation, depending
on whether the formation of nuclei is catalysedatrby the presence of solid bodies (such
as imported particles, the wall of the crystalljzéye impeller blades if are present, etc.)
[173].

Homogeneous nucleation, although it is the moshtsm®ous form of nucleation, is
rarely observable in isolation. The mechanism wittich the nuclei are formed involves
a continuous bimolecular collision, with the adulitiof a new species to the aggregates of
lower orders. In this way the solvated particlesdtution, and normally aggregated in a
few units in structures callezlusters becomeembryos The latter are unstable species,
which can break up and evolve back into clustergasra continuous addition of units,
evolve into nuclei [173].

The presence of a solid particle, however, canasct catalyst for the process,
according to the mechanisms of heterogeneous riarieln this case, there is a reduction
for energy required by the process as a functighefvetting angle formed by the nucleus
and the solid phase. It should be noted that ndyratthospheric dust induces the presence
of a number of particles in the order of J@rticles, which can act as catalysts. Even if a
preventive filtration is done, this number is regd than 1{particles: from these numbers
we can appreciate that the nuclei formation is atmwever due to simple primary
nucleation.

Secondary nucleation is characterized by the poesefcrystalline materials in the

solution. This addition can be deliberated if thgstals size distribution has to be
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controlled. However, it can be happen not intergiprby means of some small crystals
dispersed in the atmosphere due to collateral naatwing activities (transportation,
solid handling, etc.). Such particles are promof@rshe formation of new nuclei.

A third category is normally added to these physfoams of nucleation, called
spurious nucleationThese phenomena should be avoided in the ciigsti@din practice.
Excessive supersaturation can lead anomalous tgystath in one direction rather than
another, obtaining needle-like structures that c@ate new nuclei if they break [172].
Another phenomenon to take into considerationasnlanufacture of crystals itself. The
separation from the liquid phase takes place Inafibn, which however leaves traces of
liquid on the crystals or into the crystals if thase aggregates; during the subsequent
drying step, this liquid can lead to the formatmmsolids on the surface of the crystals
which, when added in solution, form new nuclei.

Whatever its origin, each nucleus acts as a graetitre during crystal formation.
Theories that consider the growth on the basis atten transport, describe the
phenomenon in two steps. In the first stage thetsgbarticle is transferred from the
solution bulk to the crystal, followed by a supeidl diffusion towards a growth centre
where the ion is incorporated into the crystallattice.

Strictly speaking, the particle growth is a funatiaf its length. This is mainly due to
the different terminal velocity with which partislef different diameters are stirred in a
crystallizer. Nevertheless, very often it is usedagpproximation assuming the crystal
growth rate independent by length. This hypothdsiewn asAL law, has a limited range
of validity: a length higher than 5Q0n influences the particle fluid dynamics, resulting
in a variation of the transport coefficient thatnis longer negligible; at the opposite
condition, however, it is necessary to take intooant that due to the reduced size, the
supersaturation on the crystals is reduced (asamqul by the Kelvin law), considering
also that particles with smaller dimensions thas Klolmogorov turbulent vortexes are
immersed in a laminar surrounding [172].

Given the complexity of the kinetic phenomena ttattribute to crystallization, the
mathematical modelling of nucleation and growtleduced to empirical relationships

that assume a power supersaturation law. The rtiarelationship is reported below:

BO = k- s (7.4)

216



Development of continuous crystallization reactmrsmagnesium recovery from brine

BC represents the nucleation speed, i.e. number @éincreated in the time unit and
volume, while k and the exponent n are parameters experimentatgrmined. The
growth rate can be expressed in different ways. lirtear growth rate, intended as a
variation of the crystal's length, depends on thgessaturation with a law similar to the

nucleation [172]:

dL
= — = g9
G=—=kgs (7.5)
The growth rate can, alternatively, be expresseti@snass added to the crystals per

unit of time and exposed crystal area. In this casan be defined as:

1 dm
The two expressions are linked by the volume factar and formp, defined
respectively as the ratio between the area anddbare of a characteristic length of the
crystal, and the relationship between the volunmetha cube of the characteristic length.
Substituting in the previous relation the followiegpressions it is obtain the relationship

between B and G [172]:

Ac=ﬁ'L2 (7.7)
m=p-V=p-Vf-IL3 (7.8)
RF%-G (7.9)

The experimental values required by the kinetic a¢igns were calculated by
Alamdari et. al [167], for a batch crystallizer sisting of 100 ml of solution containing
Mg?* ions in which a volume of 250 ml of 1M of NaOH stibn was added drop by drop.
They developed a mathematical model in order terilees the system in its nucleation,
growth and agglomeration aspects of the crystataitth a comparison with experimental
data. Kinetic parameters are presented in Tablé&,3ith for real brines and for synthetic

solutions:
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Table 7.1: Estimated kinetic parameters of growibcleation, and agglomeration rates of

magnesium hydroxide precipitation from synthetiubtir and from sea bittern [167].

Parameter Synthetic solution  Sea bittern
Growth rate coefficient, kg (um%

Mean value 3.01- 16 3.01- 16

Standard error 0.080 - 16 0.142 - 16
Growth rate order with respect to supersaturaton, 1 1
Nucleation rate coefficient,K# S* Guysta )

Mean value 0.335 0.418

Standard error 0.0595 0.0764
Nucleation rate order with respect to supersanmab 3 3
Agglomeration rate coefficient, KGsoution#* S Hnms)

Mean value 3.01- 16 3.01- 16

Standard error 3.01- 10 3.01- 16
Agglomeration rate order with respect to supersdiom, a 1 1

During crystallization, nucleation and growth phemma interact between them
determining the final morphology of the crystaloweéver, although the process can be
controlled, the final result will be a crystals pdgtion with different sizes.

The crystal size distributiofCSD) description is possible through a quantipwn
as a population density function:

AN dN

n= lim —=—
AL—0 AL dL

(7.10)

In the previous relation, the variabiiis a crystals concentration (number of particles
per unit of volume) whilé is the characteristic length. The physical meanirtge newly

defined population density variable is clear isitonsidered the following relationship:

n-dL = dN (7.11)

The relation (7.10) is an arrangement of (7.11} #iws to quantify the crystals
concentration with a length in the range L and dL+ The population density is, in turn,
a function of the crystals length and can be ddterdch exactly only in simple
crystallization process (for example in the MSMP®&stallizer). From the strictly
theoretical point of view, if all the crystals hawely one dimension, the function n =f (L)

would be reduced to a line flattened on zero witkirggle peak corresponding to the
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diameter of the crystals. In real cases, on therdtland, this curve has a more or less
restricted bell shape depending on the diametestilalition. Population density,
therefore, is a sufficient function to describe @2S. Since n (L) is only a measure of the
concentration of crystals at a given length, iiseful to translate this information into a

cumulative curve, i.e. to plot as dependent vaeiaigt n but its integral:
N(L) = [ n(L)dL (7.12)

This integral gives the number of particles witldiameter smaller than L and, by
definition, is an increasing monotonic function.tdlthat in the transition to the limit, for

L — oo, the total number of particles is obtained:
Neoe = J, n(L)dL (7.13)

In the scientific technical field, it is common ptige to represent the cumulative curve
not in absolute terms, but by comparing the quailifL) to the total number of particles
Niwt, plotting the fractional magnitude:

N(L) _ fOLn(L)dL
Neor 3 n(L)dL

(7.14)

Once again, in the ideality of having a monodispgrarticles population, this curve
would be reduced to a step from 0 to 1 correspantiirthe characteristic length of the
crystals.

The population density function, and the magnitudesved from it, are not only
useful as they describe the CSD, but also allodetive also other information, such as
theaverage characteristic lengthf the distribution, or theoefficient of variation.e. an
amplitude measurement of the cumulative curve.

The theory described above is important to betteletstand the experimental results
obtained in the experimental campaign devoted eodétvelopment of new crystallizers

for the recovery of magnesium by crystallizationg@ss. In order to highlight the starting
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point of this work, some state of art works for theovery of magnesium from brine are

following described.

7.1.2 Crystallizers state of art for the recovery of magesium from
saltwork waste brine

The ability of an alkaline solution to precipitat@agnesium hydroxide has been known
from long time. However, the idea of recovery magjme from saltwork waste brine is
studied since 2012 [6]. Cipollina et. al have dest@ated the concept feasibility by means
of batch tests. The apparatus is reported in FigLire

Thermostat
Syringe NaOH
| — o)
—1 i
" || Becker Thermostated bath
Syringe Pump 1 ijwm&‘;‘e g
O &

Figure 7.1: A schematic view of the experimentgdarptus adopted for the reactive precipitation

tests performed by Cipollina et al [6]

In this simplified configuration, the reactor wametituted by a glass becher (500 ml)
stirred mechanically by a small marine impeller. éwer-stoichiometric NaOH solution
was added by syringe pump in order to perform atiea crystallization between the
alkaline solution and the magnesium present irbtivee. All the solutions were kept at
controlled temperature with a thermostatic bathpAormance parameters were chosen
the purity of magnesium salts produced, the comwei@nd the filtration time as indicator
of crystal size: big crystals give fast filtratiimes [6].

In their preliminary tests for the proof of concethie concentration and flow rate of
the alkaline solution and the stirring rate of theaction medium were changed
investigating their effect on the purity and nutilea/growth rates of magnesium
hydroxide crystals. The experiments were perforate2b°C and 40°C in order to analyse

also the effect of temperature [6].
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Cipollina et. al, in their work and their experintaginset-up [6], highlighted that the
filtration time increases for low impeller speedgh NaOH concentration and high
temperature. Probably, in all the cases reportédréethe primary nucleation rate is
promoted at the expense of growth. Moreover, magnehlydroxide purity was always
higher than 90% with precipitation efficiency alvedyigher than 99%.

Two years later, the same research group [168bpaed experiments with both in a
semi-batch and in a continuous 5 litres crystalliseing NaOH solutions for the
precipitation of magnesium from saltwork waste éras magnesium hydroxide. The
reactors schematic representation is reportedgar€i7.2.

QBrine CBrine

QNaOH,in CNaOH,in ClRec CRec QNaOH,in CNaOH,in QRec CRec

—— ——r
QOUT QOUT
—— ——
CMg2+,0UT CMg2+,OUT
g & CMg(OH)Z,OUT L CMg(OH)Z,OUT
cBqu CBulk
K QW = ? QWG ==

Figure 7.2: Schematic representation of the sertakb@) and continuous CSTR (b) [168].

The pH that was monitored shown a typical trendliich the value initially increases
followed by a plateau at a pH around 9-10. Whenhallmagnesium was converted, the
pH starts to increases again [168].

The effect of several parameters were investigatethl reaction time, NaOH
concentration, volumetric flow rate, magnesium eorication and the influence of
different impellers [168].

Similar results than the previous work were foungharticular an over-stoichiometric
concentration produces small particles influenctgp the agglomeration. In almost all
the case, the purity was higher than 99% with al tetcovery of magnesium present in
the waste brine [168].
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The two works described above, highlight the charéstic of the reactive
crystallization between a magnesium solution andl&aline reactant. A local super-
saturation, due to high concentration of alkalioeion and/or magnesium, promotes the
primary nucleation rate at the expense of the draate. This is confirmed by Alamdari
at al. [167] which claim that a greater estimatallig for the order parameter of nucleation
rate (3) than that for growth rate (1) (see secfidnl) indicates that nucleation is the
dominant mechanism in magnesium hydroxide predipitaThis is the main difficult of
this process and it has to be taken into accouptificular specifications have to be
obtained in order to sell the magnesium hydroxidi Wigh price, for example in the

flame retardant field.

7.1.3 New crystallizers for the recovery of magnesium frm brines

As already mentioned before, part of this PhD thissfocused on the development of
new crystallizers for the recovery of magnesiunmfrealtwork waste brine. Two reactors
were designed and tested to analyze the effeevafral operative parameters: a Multiple
Feed - Plug Flow Reactor (MF-PFR) (Figure 7.3a) arictystallizer with lon Exchange
Membrane (CrlIEM) (Figure 7.3b).

Exhausted brine
(Na*, CI, Mg?', 50,%)

O @ 5 % o & Magnesium Hydroxide
¥ @ N ©on) (e - on) (e R "@,/ S/ on

———> (Mg(OH),)

vvvvvvv

Alkaline solution

(Na*, OH")
a)
(N:Thgus,t:dubr;:;;) Magnesium Hydroxide
, €I, g™, 50,4 i (Mg(OH),)
) (G D @@ @ oy, eion;
M) @ < @ e A Gao (1)
IEM
ne) O) @) (M ¥ (na @ .
Alkaline solution IN - ‘ = Alkaline solution OUT
(Na*, OH) (Na*, OH)
b)

Figure 7.3: (a) MF-PFR and (b) CrlIEM layout schemes
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Ideally, inside a PFR reactor the solution contairthe reactants moves with a piston
flow, i.e. with a speed without radial gradients teaction occurs along the entire length
of the reactor and at the steady state, is nohetifun of time but only of space. Passing
from ideality to reality, the piston flow hypothedbiecomes only an approximation: the
condition of no slip to the wall inevitably creatasselocity profile and how much this
profile is flat depends on the achieved fluidodyr@araegime (i.e. the size of the tube and
the flow rate). Moreover, in this case, the reactwf the hydroxyl ions with the
magnesium in solution is practically instantanesoghat the properties of the system are
not a function of space, but depend solely on thildution of the reagents. A schematic
representation of the MF-PFR reactor is shown gufé 7.3a: note the input of the feed
(brine) and of the alkaline solution. The resultsained with this reactor are shown in the
next paragraphs.

The CrlEM, on the other hand, is a membrane reactatich the brine is separated
from the alkaline solution by means of an ionicletge membrane (Figure 7.3b). The
OH ions move from the alkaline solution to the briteealloy the precipitation of
magnesium hydroxide while the chlorides presenthim brine move in the opposite
direction to re-balance the electric charge. Téétor is patented and has already aroused
interest in the many sectors of research [170]. CHEM will be better described in the

next chapter, reporting also the results obtainigd tivis new crystallizer.

7.2 Experimental methodologies

The experimental procedure used in all the tests WiF-PFR and CrlEM can be
summarized in Figure 7.4:

Each box represents a particular operation (avfsmterations); the solid lines indicate
the material flow while the dashed lines virtuatBpresent the results from different

analyses.
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i-—--> Solid Purity

Figure 7.4: Experimental procedure for magnesiuwcovery from waste brine.

Operative condition. The first step is the characterization of the delkgeagents,
estimating the volume to be used in tests anddhgigns preparation. The brine from a
real saltworks operating in Trapani (ltaly) wasdider each test, after being slightly
diluted for reducing the Mg concentration to a value of about 1M in magnesam
slightly more, for comparison purposes with literatinformation [6,7]. An example of
the brine properties adopted in the tests are tegpan the Table 7.2 (measurements
performed by an lon Chromatograph IC 882 Compacs PMetrohm AG, Switzerland):

Table 7.2: Example of brine properties used inetkgerimental campaign

Cation Concentration [g/l]
Na* 26.0
K* 7.3
Mg?* 30.6
ca* 0.2
Specific electrical conductivity 140
[mS/cm]
pH [-] 7.9

Depending on the reactor utilized, different alkalsolutions have been used for the
precipitation and the flow rate have been calcdlateorder to have a stoichiometric
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condition (1:1) to recover the total magnesium @néén the brine or in only in same case

a slightly over-stoichiometric condition.

Test-run. The test is run in different way depending on ékploited reactor. In the
case of MF-PFR, after circulating the brine in thain tube and injecting the alkaline
reactant for a time equal to five times the resigetime in the reactor, 4 samples were
collected from different positions. Samples weréetted from the last to the first position
in order to minimize any relevant disturbance duthe previous samplings. The sample
volume collected was 150ml, necessary for the @atialysis cycle. After the test, reactor
tubes were washed with distillate water, with cidleracid 1 M (to remove scaling by
magnesium hydroxide) and again with distillate wafehe pH of the samples was
measured just after sampling, by means of a digtlaimeter (Jumo 202710/20/000).

The test run for the CrlEM rector will be descriiedhe next chapter.

Granulometric Analysis. The suspension samples were analysed by mearisaska
Granulometer (Malvern Mastersizer 2000 with Hyd@@MU as sample dispersion
system) to obtain a cumulative size distributio®S of crystal agglomerates. The CSD
can give also an idea on the possible ease ddtfdtr of the product in a hypothetical

continuous system

Filtration. Each sample (50 ml) was separated by filtratiookttain the solid product
and liquid liquor. A Blchner filter with circulargper filter (Whatman 597, 110 mm) was
used to separate over-micron crystal agglomeraitaa the solution. The filtrate was
collected and stored for chromatographic analy&ie solid was washed with 50 ml of
distillate water to remove brine traces and soludalés co-precipitated with Mg(OH)

After washing, the solid was dried in an oven & 1G for 24h.

Filtrate Analysis. The filtrate liquors were analysed by ion chrongaaphy to assess

the precipitation yield by determining the magnasions concentration in the solution.

Solid Preparation. After drying, the solid was crumbled and washedimgwo times

with 50 ml of water to eliminate any soluble s@ltssibly precipitated from traces of brine

225



remained trapped after the first washing. The samgls then dried in the oven at 130 °C
for 24h.

Solid Analysis. The solid was prepared for ion chromatographidyaisto estimate
the purity of precipitated magnesium hydroxide.ndai amount of solid powder (12 mg)
was stoichiometrically neutralized with 1 M chlagidcid and diluted to 50 ml to obtain a

concentration close to 100 ppm.

Microscopic Analysis. The suspension was also analysed by means of t@ralop
microscope (Optika B-800), in order to assess hifferdnt reactants or other parameters

can produce crystals agglomeration with differdratpe.

7.2.1 Performance parameters
In the experimental procedure, some parameteiignanediately available while some
others are obtained with the data elaboration. gdréormance parameters chosen allow

comparing different operative conditions and at®¥ang reported:

pH. The H concentration gives qualitative information on tieaction path. The
hydroxide magnesium precipitation starts when thkip around 9 and it does not
overcome the pH 10 during the reaction. The pH imecanore than 10 when the

magnesium ions present in the brine are completelgted.

Conversion. The conversion is a measure of how much produetisvered compared
to the maximum theoretically obtainable. It is defi as the local molar flow rate of
magnesium ions divided by the inlet molar flow rate

NO

Mg2t "~
X =g

0
NMg2+

NMg2+

(7.15)

Substituting volumetric flow rate and magnesiumsi@oncentration, the equation

becomes:
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X = Qbr Cor—QLC (716)
Qbr Cpr

In the eq. (7.16), QR and G are respectively the brine volumetric flow ratel dhe
molar concentration of magnesium ions whiled@pd C are the volumetric flow rate and
the magnesium concentration in a generic reacttdiose The MF-PFR used in the tests
(Figure 7.3a) has a layout in which there is a wadtric flow rate variation along the
device axis. The variation is associated with thkalene reagent inlet in four (or eight)
sections of the reactor. Each section has constéurnetric flow rates. A material balance
between the initial and a generic reactor sectltmwa to link Q to the fed flow rates
under the following assumptions: (i) constant dgnsif aqueous solutions and (i)

negligible variation of liquid flow rate with solighase formation.

QL=0Qp +1nQ (7.17)

Qpis the flow rate of one inlet alkaline solution amis the number of inlets before
that specific reactor section. By coupling the §gand eq. (), the final expression of

conversion is obtained:

x = 1 — Qor+nQp)c (7.18)

Qbr Cpr

In the CrlEM reactor, instead, the ionic exchangsmbrane cannot block the flux of
water from the alkaline solution to the brine, doi@ different salinity. In some cases, the
volume of brine at the end of the test become doobltriple, so the conversion can be
calculated considering the final concentration afgmesium in the brine at the start and
at the end multiply it with the volume.

The magnesium concentration and all the ions cdretgon in different solutions were
measured by means of lon Chromatograph IC 882 Complus - Metrohm AG,

Switzerland.

Magma Density. The magma density measures the mass of soligtiaubpension. It

is calculated as the ratio of grams of dried salid the sampled suspension volume:
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My = (7.19)

Vsusp

Solid Purity. The chromatographic analysis (lon Chromatograp83Z Compact Plus
- Metrohm AG, Switzerland) allows to estimate thadics purity, defined as the ratio

between the mass of magnesium and the sum of mafsaltd\ cations detected:

C

CSD. The crystal size distribution is obtained by meaha granulometric analysis.

The results were elaborated also to assess a divautaystal distribution.

Filterability. The filterability is defined as the volumetric pentage of particles with
diameter larger than 1om or 50um. This parameter gives information on the ease of

separation of the suspension in solid and liquigsehusing common commercial filters.

Figure 7.5 shows an example of set of experimeesallts, consisting in the trend of
pH (Figure 7.5 A), M§' concentration in the liquor and the solid purfjgure 7.5 B, C),
crystal size distribution (Figure 7.5 D), all vdiies plotted versus the amount of reactant
injected normalised by the total reactant adopfEde error bars, indicating the
experimental error relevant to the measurementsqeed, are also reported.

The all parameters defined above were not alwagd fer all the tests but from time

to time are chosen the most significant ones.
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Figure 7.5: Example of experimental results. Teigh waltwork waste brine and NaOH. (A) pH
trend, (B) residual magnesium concentration in biiee, (C) solid purity, (D) crystals size
distribution. Feed brine Mg concentration=1.25 mol/l. Brine flowrate = 47 miirNpaséNstoich=1.

NaOH concentration=4 mol/l.

7.3 Description of the laboratory pilot system: the fist experimental
campaign with MF-PFR
The plug flow reactor (PFR) is a cylindrical reacto which the “reagent” solution
moves with a plug flow, with negligible radial gradt of velocity, concentration and
temperature. At steady state, the reaction is anfynction of space. As already said

before, in real conditions, the plug flow is onlyg approximation because the no slip
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condition near the wall tube necessarily producesiacity profile. The MF-PFR used in
the first experimental campaign (Figure 7.6) haelimfet for the feed brine and four inlets
for the alkaline reactant. Since reaction is pcadfy instantaneous, magnesium ions

precipitate after each injection having enough sgaaeact along the reactor segment.

Sample 1 Sample 2 Sample 3

oo [T T
ol

Base

Figure 7.6: Simplified scheme of MF-PFR adoptedtffier first experimental campaign.

The reactor layout is very easy, essentially forimge main tube and the distribution
systems for reagents, each of them with a pumpghierfluid movement. The reaction
between brine and alkaline solution was performealsilicon tube with 5.3 mm as inside
diameter and 225 cm as total length. The plastiterizh was chosen due to the high
aggressiveness of salt solutions on metallic matersilicon tubes were also used for the
alkaline solution, from a tank to the reactor. Eawdat of alkaline solution is positioned
at a distance of 45 cm from each other. The sangaegions are before of each input.
Verdeflex M025 pumps were used to move the brirtketha alkaline solutions. The flow
rate was controlled changing the revolutions peruta (rpm) and the tubes section. The
delivery pipe of each pump was positioned upwari@dtditate the air expulsion from the

reactor.

7.3.1 Results and discussion for the first experimentalampaign with MF-
PFR
According to the procedure illustrated in the poes paragraph, four experiments

have been carried out under the operative condifisted in the Table 7.3. Four different
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alkaline solutions were adopted, all with a stadchétric ratio with the M# concentration
fed in the brine (BhsdNswi=1). It is worth noting that Ca(Oblplkaline solutions were
actually a milky suspension, due to the very lollsitity of Ca(OH).

In the following paragraphs, each performance imicwas analysed in a comparison

graph reporting the trend measured with four défféralkaline reactants.

Table 7.3: Operative conditions adopted in the BrRpntal campaign

Test Reactant| Brine Conc. Brine flowrate | Base Conc. Base flowrate per inlet
[mol/l] [mlI/min] [mol/l] [ml/min]
A NaOH 1.25 47 4 7.35
B Ca(OH) 1.25 47 2 7.35
C NaCOs 1.25 47 2 7.35
D NH; 1.25 47 14.7 181

pH. Figure 7.7 shows pH trend as function of alkaotution and the fraction of the
total amount of base supplied in the reactor (28NThe shape is the same for every
reactant: pH rises from the initial value of thénbrup to a plateaux value, in a range
between 9 and 10. In this region, OHjections allow the precipitation of magnesium
hydroxide. When conversion is complete, pH startegde again due to the injection of

excessive alkaline solution.
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Figure 7.7: pH trend comparison for test A-B-C-Ding@ Mg** concentration = 1.25 mol/l; Brine
flowrate = 47 ml/min; NaséNstoich =1; NaOH (4 mol/l); Ca(OH)suspension (2 mol/l); N&Os (2
mol/l); NHs (14.7 mol/l).

ConversionFigure 7.8 presents conversion data calculated febanalysis of filtrate.
A practically linear trend is registered for allst® with conversion increasing
proportionally to the injection of reactant. On thistogram (Figure 7.8 right), the final
conversion recorded at the end of the reactor. ®nbng bases actually reached expected
quantitative conversion. Sodium carbonate sto|8&%i, while an even lower conversion
is observed with ammonia. In this latter case tiituphenomena strongly lower the initial
pH of the alkaline solution following the mixing thifeed brine. This physical constrains,
along with the acid-basis equilibria regulating NHlissociation and Mg(OH)

precipitation leads to limiting the quantitativeogery of Mg in these conditions.
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Figure 7.8: Conversion trend comparison for thetd @eft) and conversion at the end of reactor
(right). Brine Mg2+ concentration = 1.25 mol/l; Be flowrate = 47 ml/min; bséNstoich=1. NaOH
concentration = 4 mol/l; Ca(Oklgoncentration = 2 mol/l; N&€Os concentration =2 mol/l; NH
concentration = 14.7 mol/l.

Purity. Purity with conversion is one of the most impottgparameters to be
considered. As already introduced in the previobspter, purity determines the
commercial value of the product. The results oluFég7.9 show a good purity achieved
during precipitation tests, in all cases highemtl®%, but for the case of Calcium
hydroxide suspension was generated a precipitdateawery poor purity, likely due to
the co-precipitation of insoluble calcium salts.

It is worth noting that purity refers only to thationic composition of the precipitate.
Thus any magnesium salt, different than magnesiyanoxide, would also contribute to
the high product purity. This is the case of pritatp obtained with sodium carbonate
solution. In this case the solid consisted of twernically different salts, both of them
with magnesium cation, Mg(Okl)and MgCQ. The co-product was identified as
magnesium carbonate due to the formation of Ribles during solid neutralization with
HCI. Moreover, microscopic analyses performed andhmples (see Figure 7.11) have
also showed the presence of MgC@ystals. In fact, according to Zhang et al. [174]
magnesium carbonate tri-hydrate can show differeatphologies, dependently from
precipitation conditions. At room temperature, vathH below 9.5, magnesium carbonate

tri-hydrate settles in a crystalline needle-likeisture (in these conditions: (i) many €0
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ions exist in HC®@ form and (ii) brine viscosity prevents the cobisiof particles and
consequently the growth phenomena prevail on nticl®a[174], as observed with a
microscope in the samples (Figure 7.11).
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Purity [%]
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ENaOH ®mCa(OH)2susp ®Na2CO3 ®NH3

Figure 7.9: Solid purities found in the tests. BriMg?* concentration = 1.25 mol/l; Brine
flowrate=47 ml/min; NaséNstoich=1; NaOH concentration=4 mol/l; Ca(Ottpncentration=2 mol/l;
N&aCO;s concentration=2 mol/l; Nklconcentration=14.7 mol/l.

Morphology Morphology has been investigated by laser granatac analysis and
optical microscopy, whose results are reportedriéigul0 and Figure 7.11 respectively.
A good agreement between the results of the twlytmgechniques was found, indicating
that particles average size decreases passingsfsxdimm carbonate to sodium hydroxide,
ammonia and calcium hydroxide. Looking in more et the precipitate from sodium
carbonate, bigger particles are observed, evéeihature of precipitate is so composite:
flower-like agglomerates, identified as magnesiupdrbxide [159], are mixed with
needle-like structures [174]. According Figure 7th& purity showed (Figure 7.9) for
NaCO;s is mainly due to magnesium salts in a magnesiutmocete form.

Furthermore, looking at the case of calcium hydiexthe optical microscope picture
presents very fine magnesium hydroxide particleoagranied by little needle-like
crystals that are representative of calcium immsjtas confirmed also by the low purities

measured for this case (see Figure 7.9).
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Figure 7.10: Crystals size distribution at the efithe reactor for different reactants. Brine g
concentration = 1.25 mol/l; Brine flowrate = 1paNNstwich=;. NaOH concentration = 4 mol/l;
Ca(OH} concentration = 2 mol/l; N&Os concentration =2 mol/l; Nklconcentration = 14.7 mol/l.

Figure 7.11: Microscopic pictures of suspensionghat end of the reactor using (A) sodium
hydroxide, (B) calcium hydroxide, (C) sodium carbten and (D) ammonia. Brine Mg
concentration = 1.25 mol/l; Brine flowrate = 1paMNstich=1; NaOH concentration = 4 mol/l;
Ca(OH} concentration = 2 mol/l; N&Os concentration =2 mol/l; NfHconcentration = 14.7 mol/l;
Optical miscroscope zoom: 20x.
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Filterability. Filterability of solid samples was calculated nfrahe CSD and is
presented as an indicator of the particles separatomplexity, as explained in the
previous paragraph. Results, reported in Figur@,7ridicate that a similar trend was
found for all 4 cases, the average diameter oftalyspopulation decreasing when
increasing conversion. A possible phenomenologiealanation for this result can be
related to the tendency of magnesium salts crystalsrm agglomerates, which are the
actual particles detected by the laser granulom&aer this basis, when precipitation
occurs at very high concentrations of Mgtill present in the reacting brine, large
agglomerates can form due to the closeness ofatligstg particles [167]. As magnesium
conversion increases, crystals growth is enhandgdr@spect to the nucleation, however,
even though large crystals may form, the lower snsn concentration reduces
agglomeration phenomena, thus reducing the sizeagflomerates generated. In
accordance with the findings of granulometric disttions, a very high filterability has
been found with sodium carbonate. Sodium hydroaittammonia giving rise to similar
particle size and filterability. Calcium hydroxide also a bad reactant with respect to

filterability of the suspension.
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Figure 7.12: Filterability trend for different r¢ants. Brine Mg concentration = 1.25 mol/l; Brine
flowrate = 1; NaséNstoich =1; NaOH concentration = 4 mol/l; Ca(GH)oncentration = 2 mol/l;

NaCOs concentration =2 mol/l; NkHconcentration = 14.7 mol/l.
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In conclusion, sodium hydroxide solutions havetegdroduct purity higher than 95%
and complete conversion for [fgin the brine, though the gel-like nature of paetic
suspension makes difficult the solid filtration. I€&@am hydroxide presents the higher
profitability, but co-precipitation of calcium sédtwers product purity to almost 50%, thus
being not suitable for this purpose. Sodium bicagte allows recovering magnesium in
two different forms, as hydroxide and carbonatiipe higher average diameter of
particles improves filtration capability of the g, though no high purity in Mg(OR)
can be expected. Finally, ammonia leads to a higitypproduct, though the weakness of
the base, along with dilution phenomena generagethé direct mixing with the brine
makes impossible to reach a quantitative recovemyagnesium.

According to these preliminary tests, MF-PFR tedbgy is a simple and effective
way to conduct reactive precipitation of magnestwydroxide from saltworks bitterns.
Potentials and limitations of using different alkal reactants have been highlighted,
indicating sodium hydroxide and sodium carbonateasible reactants, while the use of
ammonia and calcium hydroxide raised problemsedl&d the direct mixing of the feed
brine with the alkaline solution, generating a loanversion and a low product purity,
respectively. The possibility of using these lateactants (showing the highest potential
in terms of process profitability) is, thereforenditional to the development of new
reacting systems overtaking the identified limifstraditional MF-PFR crystallisation
reactors as the CrlEM that is described in the nkapter.

Following the indication of this feasibility experental campaign, and due to the high
performance of NaOH, this was chosen as the akkadiactant for the further experimental

tests that are following reported.

7.4 Description of the laboratory pilot system: the seand experimental
campaign with MF-PFR
The second experimental campaign with MF-PFR weaepeed with a set-up slightly
different than the system described above. Howeatier scheme reported in Figure 7.6
can be also considered for this set-up.
It provides an input for the brine coupled with fénputs for the reacting base, one at
the beginning of the rector and the other thre#&ridiged along it at the same distant

between them. In this case, the reactor is made Rligéxiglas pipes, with an external
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diameter of 8 mm and internal equal to 5.5 mm. &blylene connections with the same
internal diameter were exploited to assemble alltérts (avoiding metal materials due to
the high pH values of the circulating solutionsjfteA each reagent injection follows a
reaction path of constant distances at the endhafhware located the sample collection
taps and the horizontal flow stop taps. The redtdgra total length equal to 227 cm with
a section equal to 19.6 mMnEach alkaline solution injection is 14 cm distéamteach
sampling tap. The final part, after the last samptiap, is a PP tube essentially exploited
for the product collection to a tank. In ordernwastigate the effect of the reactor length
and the number of alkaline solution inlets, for feasts the reactor length was doubled
adding also other four inlets for the precipitatsajution.

Plexiglas was chosen due to its good propertidssta good chemical resistance, it is
more transparent than the silicon previously usedi iis a rigid material making the
assembling easier. New pumps (Seko Kronos C50) wmoyed in order to be more
accurate and avoid error in the fluid handling.

The MF-PFR was tested changing different opergissameters in order to find the
best configuration in the perspective of a possiislgle-up. In particular the parameters
are following listed:

< Brine velocityin the reactor, in order to study the effect afritthe nucleation
and growth process. Using literature data for fkeosity and other necessary
properties [66,140], it was estimated the Reynaldsber for different
velocity finding a value around 3,Gconfirming that the motion is laminar;

«  Stoichiometrymaking tests at stoichiometric condition or witbfo excess,
then in over-stoichiometric conditions;

« Alkaline solution concentratiorilests were performed at different NaOH
concentration;

e Use of desalinated waténstead of ultrapure water for the preparation of
NaOH solution;

« Reactor lengthin order to assess the effect of different resigdetime on the
performance parameters;

* Number of alkaline solution inletkffect on the performance parameters.

The experimental conditions adopted for each testeported in the following table.

238



Development of continuous crystallization reactmrsmagnesium recovery from brine

Table 7.4: Operative conditions for the second ermntal campaign with MF-PFR

Test Mg Virine Qbrine NaOH Njeal Qoase N° inlets
[a/M [cmi/s] [ml/min] [mol/] Ntk Imi/min]

1 24.96 4 47.12 4 1 24.20 4
2 24.96 4 47.12 4 11 26.62 4
3 24.96 2 23.56 4 1.1 13.31 4
4 24.96 8 94.25 4 11 53.24 4
5 24.96 12 141.37 4 1.1 79.86 4
6 24.91 8 94.25 4 1 48.30 4
7 24.91 8 94.25 4 1 48.30 4
8 24.91 8 94.25 8 1 24.15 4

9* 24.91 8 94.25 4 1 48.3 8

10 2491 8 94.25 4 1 48.3 4

* the reactor length is double than other tests

For each collected sample was performed the saalgtmal procedure than the first
experimental campaign with MF-PFR. The solutionevyenmped for at least 5 times the
residence time, in order to achieve the steadg statdition and the sample were collected
only after a stable condition. Each sample wagct#d waiting an appropriate time useful
to reach again a stable condition.

After each tests, the rector was washed with ulirapvater then with hydrochloric

acid solution and finally washed again with ultreppwater.

7.4.1 Stoichiometric effect of alkaline solution

In the first two tests performed with MF-PFR werdlized data and part of the
operating conditions used in previous experimecdahpaigns, to verify the effect of an
excess of 10% molar flow rate compared to the kiometric conditions, in order to
obtain more compact particle size and with a lovaue of cumulative diameters d10,
d50, d90 (i.e. the diameter of 10% of particles¥56f the particles and 90% of the
particles respectively). However, this solution li@p an evident economic backlash
thinking of the process implementation on a larcgesbecause more sodium hydroxide
is needed if this is not justified by an importaetformance increasing.

Test 1, was performed in a stoichiometric conditidrile Test 2, was performed with
an over-stoichiometric condition. The peristaltioyps were properly calibrated in order

to guarantee the best accuracy that was estimatbe range:5% of the fixed flow rate.
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The samples were collected from the fourth to fingt fn order to be sure that this
operation doesn't influence the sampling; each $amfas collected only when a time
equal to four times the residence time was passed.

In the following figures can be observed the phhdralong the MF-PFR.
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Figure 7.13: pH trend for the TEST 1 and TEST @ichiometric and over-stoichiometric condition

respectively.

As shown in Figure 7.13, the pH rises to a platedue around pH 9 increasing at the
fourth sample point when all the magnesium is itaied as magnesium hydroxide. It
can be observed that the pH value after the l&atiaé solution injection (sampling point

4) is around 13 in the over-stoichiometric conditdue to an excess of Oldns respect
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to magnesium ions concentration in the brine. tndtoichiometric condition (TEST 1),
the final pH should be slightly lower than the fduralue but is marginally different due
to experimental error ascribed to alkaline solupoaparation and flow rates.

The collected samples were also analysed with déiserl granulometer Malvern
Mastersizer 2000. The particles size distributfollowing reported as CSD, before and
after the use of an immersion sonicator (integrateithe granulometer) in order to try to
de-cake the particles agglomeration. After few $pstis with different times and intensity,
it was decided to use as standard value for thea#le-process a frequency equal to 20
kHz for a two minutes, finding that the CSD at thisdition was the same than for higher
exposition time or higher frequency. Only in thistf comparison between TEST 1 and
TEST 2 are shown both the CSD before and aftesghi&ation step to show the difference

but for the next results only the sonicated valuiisbe reported.

100

(0]
o
T

60

40

Cumulative volume [%)]

N
o
T

TEST 1

0 111 1 111l 1 1o a 1l
0.1 1.0 10.0 100.0 1000.0
Particles Diameter [ pm]

Figure 7.14: Cumulative Size Distribution for TESTwith sonication (dashed line) and without
sonication (continuous line).

In Figure 7.14, the continuous lines represent@&D for the unaltered samples
whereas the dashed lines report the trend whesothieation, is applied. The Cumulative
Size Distributions move toward lower particles déen when a sonication is applied to
the samples, demonstrating that the sonicator catelsome agglomerates.

The Cumulative Size Distribution for TEST 2 is rejed in the figure below.
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Figure 7.15: Cumulative Size Distribution for TESTwith sonication (dashed line) and without
sonication (continuous line).

Similar trend than TEST 1 were obtained in the esteichiometric condition (TEST
2), showing also in this case a trend translatiovatd lower values when sonication is
applied.

However, the most widely used method of descrilagicle size distributions is d
values. The d10, d50 and d90 are commonly useepiesent the midpoint and range of
the particle sizes of a given sample. These caraloellated from the CSD as the diameter
at the intercepts for 10%, 50% and 90% cumulatisleme. In order to better represent
the data and to better compare results from difteegperimental set-up, these d values

will be also adopted in this work. It will be repented only the results after sonication.
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Figure 7.16: Comparison of characteristic partisies (d10, d50 and d90) for TEST 1 and TEST2,
stoichiometric and over-stoichiometric conditiorspectively. Samples sonicated at 20 kHz for 2

minute.

According to Figure 7.16, the value in both confaions are similar for almost all
the samples. Comparing the value for the last sesn@) when all the magnesium is
precipitated, it can be noted that the value founithe TEST 2 with over-stoichiometric
condition is only slightly lower than TEST 1.

The residual magnesium concentration in the broletisn was measured with an
lonic Chromatograph (Metrohm 882 Compact IC Pliile Mg concentration was used
to calculate the conversion, an important perforteaparameter (for the equation see
previous paragraph). The graphs with the calculatetversion are reported below using
as abscissa the ratio between the total lengtheafgtactor (sample 4 in the rappresentative

scheme Figure 7.6) and an intermediat lenght.
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Figure 7.17: Magnesium conversion present in tireekior TEST 1 and TEST 2 as a function of
L/L+ot (ratio between the total reactor length and agrmédiat reactor length).

As can be observed in Figure 7.17, in the stoickivim condition (TEST 1) the
conversion follows perfectly a line having a tatahversion in the last samples. On the
other hand, in the over-stoichiometric conditiom ttnaximum conversion is already
obtained before the last sample due to the exde@sloons introduced in the reactor.

The purity of the magnesium hydroxide precipitateals 100% in both the tests
analysed in this section.

7.4.2 Brine flow velocity effect

TEST 3, TEST 4 and TEST 5 are conducted at diftdsane flow velocity (2 cm/s, 8
cm/s and 12 cm/sec respectively) in order to stadyinfluence of this parameter on the
process performance indexes. On the base of thsitye all the flow rates were adapted
fixing the same other parameters equal to TESTtR &vcm/s as brine flow velocity (see

Table 7.4 for more details).

The pH trends give also in this cases an idea @womithe reaction progress along the
reactor (see Figure 7.18)
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Figure 7.18: pH trend for the TEST 3, TEST 4 anbTE, at 2 cm/sec, 8 cm/sec and 12 cm/sec

respectively.
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Due to an over-stoichiometric condition in all tarests, the pH is around 13 at the

final sample. Only TEST 3 shows a difference resfmethe other two tests for the sample

3, likely experimental errors due to the low briteav velocity.

These three tests were also compared on the graatrio distribution point of view.
The d10, d50 and d90 values for these three temts @ompared between them and with

TEST 2, after the sonication treatment. The histograre shown in the following figures:
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Figure 7.19: Comparison of d10, d50 and d90 betw&edT2, TEST 3, TEST4 and TEST 5 (4
cm/s, 2 cm/s, 8 cm/s and 12 cm/s respectively).fBzsrsonicated at 20 kHz for 2 minute.

Figure 7.19 clearly shows the best performancei@bes size d90 lower than 10 um,
specification of magnesium hydroxide for flame regant) for high speed. In particular, 8
cm/sec has performance slightly better than 12enfSor this reason, further tests were
performed at 8 cm/sec.

All the solid magnesium hydroxide produced, haditpuaround 100 %. The
conversion trends are not shown because this datde already deducted from the pH
trend; after pH 10.5 all the magnesium in the briseconverted into magnesium

hydroxide.

7.4.3 Confirmation of the best operative conditions withstoichiometric
alkaline solution and analysis on the use of desatited water for a possible
industrial scale-up

These experimental tests (TEST 6 and TEST 7) haadlfective to confirm the best
condition reached with the TEST 4 (8 cm/s) in teohgranulometric distribution using
a stoichiometric concentration and to evaluateetfect of artificial desalinated water
(TEST 7), instead of the ultrapure water, for theparation of the alkaline solution. In
particular, 143 mg of NaCl per litre of preparetlifion, were introduced in order to bring
the solution to conductivity values similar to tedsypothetically obtainable by means of
RO process from sea water, in the perspective afdustrial scale- up.
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The pH trends are reported in Figure 7.20.
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Figure 7.20: pH trend for the TEST 6, TEST 7, usidgapure water (TEST 6) and artificial
desalinated water (TEST 7) for the alkaline solupoeparation.

The two trends are almost superimposable, demaimgfiat the reaction path is not
influenced by the solvent used for the alkalinaiBoh preparation. The final pH value
confirms the total conversion of magnesium into negjum hydroxide.

These two tests were also compared in terms ofufparetric distribution. The

comparison is following reported.
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Figure 7.21: Comparison of characteristic partidee (d10, d50 and d90) for TEST 6 (alkaline
solution with ultrapure water) and TEST7 (alkaliselution with artificial desalinated water).

Samples were sonicated at 20 kHz for 2 minute.

The artificial desalinated water has an effectrmngarticles size distribution, showing
higher different value compared to the value olgdinsing ultrapure water. However, the
d90 for the final sample (4) is lower than 10 propforming the possibility to use
“industrial” water in a hypothetical process scafe- Even if Test 6 is run with a
stoichiometric alkaline solution, the obtained periance confirm the good results shown
for the TESTA4.

All the solid samples had a magnesium concentragimund 100% in terms of

magnesium hydroxide purity.

7.4.4 Study on the effect of the alkaline solution conceration

The set-up with short MF-PFR was exploited to eatduthe effect of a doubly
concentrated alkaline solution (NaOH 8M) for thegipitation of magnesium hydroxide
from saltwork brine. The use of such solution coofdimize the process in terms of a
lower amount of water introduced into the reacwipwer dilution and a consequent
reduction in costs associated with the movementfloifls imagining a process
implementation on an industrial scale. However g¢hare disadvantages due to more

restrictive safety measures for the use of thist&ol, a greater risk of corrosion and
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consequent damage to the pipe system and moretampar possible effect of this high
concentration on the nucleation, improving it & &xpense of crystal growth.

The pH trend is reported in Figure 7.22
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Figure 7.22: pH trend for the TEST 8, using alkalgolution at 8M.

It is evident also with high alkaline solution centration that the pH trend has a
plateau around 9 and it increases only in ther&ssttor section where all the magnesium
is precipitated.

The granulometric distribution is compared with TfeST 6 (NaOH 4M) because it
was run at the same condition but with half all@lgolution concentration, in order to
highlight the effect of this parameter on the pescperformance.

It can be observed in Figure 7.23 that the perfogeain terms of particles size
distribution is similar for the last samples bugrh are differences along the reactor.

In the magnesium recovery process, a pH contraka@ly important in order to
minimize the nucleation process and avoid wastawfmaterial. If the alkaline solution
concentration is high, the system control becameerdigficult because a small deviation
on the nominal flow rate has a strong effect onphk For all this reasons, a higher
alkaline solution concentration does not give atkg@s respect to a typical concentration

used in this experimental campaign.
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Figure 7.23: Comparison of characteristic partide® (d10, d50 and d90) for TEST 6 (4M of
alkaline solution concentration) and TEST8 (8M A&fie solution concentration). Samples were

sonicated at 20 kHz for 2 minute.

The purity of the solid magnesium hydroxide wa afsthis case more than 99.5%.

7.4.5 Effect of the length and number of injections on tk reactive
precipitation process

The set-up of the MF-PFR was slightly modified wulle the total length and to
introduce other four injection points for the alkal solution.

In the TEST 9, the alkaline solution was dividetbiright sections along the reactor.
The brine flow velocity was fixed at 8 cm/s mainiag the other parameters equal to the
TEST 6 with four injections. In this way, the totakidence time is double and the alkaline
solutions are subdivided.

The pH trend is reported in Figure 7.24.
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Figure 7.24: pH trend for the TEST 9, with 8 alkalisolution injection and a reactor with double
length than the tests 1-8.

The pH is practically constant in almost all thaater, increasing only in the final
sampling point where all the magnesium was recavexe magnesium hydroxide.
Although in this test was fixed a stoichiometriaddaion, the pH in the sample 8 is higher
than 10.5, the value required for the total corneer®f magnesium into magnesium
hydroxide. This fact confirms that a small errottie alkaline solution flow rates can have
an important effect on the process pH control.

In order to better show the behaviour of this getan the granulometric size

distribution, both trends, with and without sonioatare reported.
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Figure 7.25: Characteristic particles size (d1®@, ddd d90) for TEST 9 with eight alkaline solution
injections.

The collected samples were treated with a sonicata20 kHz for two minutes,

highlight a particular effect of it on the partidize distribution.
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Figure 7.26: Characteristic particles size (d1®@, ddd d90) for TEST 9 with eight alkaline solution
injections. Samples were sonicated at 20 kHz fiairfute.

Due to the particular trend shown in Figure 7.2@& &nalyses were performed two

times highlighting the same trend. It seems thah@middle reactor part, the obtained
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particles have higher size, likely due to a higigglomeration effect even if the samples
were sonicated at high intensity.

The same reactor was exploited in the TEST 10 tigeting the effect of a longer
PFR with only four alkaline solution injections. &same experimental parameters than
TEST 6 were fixed also in this TEST 10, having amlgouble resident time and a double
length between an ignition and the subsequent one.

The pH trend is following reported.
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Figure 7.27: pH trend for the TEST 9, with 4 alkalisolution injection in a reactor with double
length than the tests 1-8.

The trend is in line with the other tests previcsalysed. The granulometric

distribution was compared with the result of TESTn6order to compare the effect of a

longer reactor on the particles size distributiblne comparison is following reported.
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Figure 7.28: Comparison of characteristic partisiee (d10, d50 and d90) for TEST 6 and TEST10

with a double reactor length. Samples were sordcat@0 kHz for 2 minute.

It is evident from Figure 7.28 that the averagdiglar distribution is higher for the
tests made with a longer reactor.

The powder of magnesium hydroxide obtained hadriyphigher than 99.5%.

7.5 Conclusions and remarks on MF-PFR

As it was demonstrated in all the tests describettié previous sections, magnesium
can be recovered from saltwork waste brine by meznMultiple Feed-Plug Flow
Reactor. The effect of different operative paramseteere investigated with the lab test-
rig, highlighting that a short reactor with interdiete brine flow velocity (8 cm/s) and
sodium hydroxide at 4M, give the best conditioneinms of particles size distribution for
using it as flame retardant additive. It was alsmdnstrated that magnesium hydroxide
with purity higher than 99.5% can be obtained aising a desalinated water so it is not
strongly influenced by the quality of water usedtfee alkaline solution preparation. This

fact is important if this process would be applie@n industrial scale.
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In order to confirm the quality of the magnesiunditoxide produced with the MF-
PFR, the flame retardant magnesium hydroxide beadhMAGNIFIN® H5 by Huber)
was analysed and compared with the powder prodincthe@ TEST 6.

In Table 7.5 are reported the main characterist@ated by the company.

Table 7.5: Magnesium hydroxide technical speciftcafor MAGNIFIN® H5 [175].

Mg(OH)z [%] >99.8
Particle Size - d10 [um] 0.7-1.0
Particle Size — d50 [um] 1.6-2.0
Particle Size — d90 [um] 24-4.4

Specific Surface Area (BET) [itw] 4.0-6.0
* measured by MALVERN MASTERSIZER 2000 (laser diftian)

An lon Chromatograph (IC 882 Compact Plus — Metrphvas used to analyse a
MAGNIFIN® H5 sample confirming that the purity is higherrtl%9.5% as obtained also

for the magnesium hydroxide precipitated in the TES This was also confirmed by

EDAX analysis (Figure 7.29)
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Figure 7.29: EDAX analysis for the magnesium hyéiteXrom TEST 6 and MAGNIFIN.

A Laser Granulometer (MALVERN MASTERSIZER 2000) waxploited to assess
the particle size distribution declared by Hubenpany for its product. The results were
compared with the value found in the TEST 6 andwhim Figure 7.20. The comparison
is reported in Figure 7.30.
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Figure 7.30: Comparison of particles size distifmufor the TEST 6 with MF-PFR and the flame
retardant magnesium hydroxide benchmark (MAGNIFIN®). Samples were sonicated at 20 kHz

for 2 minute.

The particles size value d10, d50 and d90 repdrtatie technical datasheet were
confirmed by the results reported in Figure 7.3@tlkermore it was highlighted that the
distribution obtained in the TEST 6 is only slighiligher than the best value of the flame
retardant specific market.

In order to confirm these results, a Specific Swafaéirea (BET) was measured
discovering that the value for the magnesium hyidi@ypowder from the TEST 6 is one
order of magnitude (~ 50 #g) higher than the MAGNIFIN. A Scanning electron
microscope (SEM) was exploited to see the reakttira of the two samples, and the

pictures at different magnifications are followisigown.
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TEST 6 MAGNIFIN

Figure 7.31: SEM pictures at different magnificago(5000X, 10000X and 25000X) of the
magnesium hydroxide and MAGNIFIN H5 samples.

It is clear from Figure 7.31 that the magnesiumrbyitie produced with the MF-PFR
are agglomerates of small crystals (100-500 nm)redseethe MAGNIFIN is constituted
by single crystal with the right dimensions in th@ge 1-5 pum. Likely, the nucleation is
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much higher than grown in the MF-PFR and the sergitals are compacted in strong
agglomerations that cannot be broken with the saoic This could be the reason that the
trends previous shown from the laser granulometernat coincident with the SEM
results.

Nevertheless the magnesium hydroxide produced byPHR is not still usable for the
flame retardant material, it was demonstrated tesipility to recover magnesium from
a waste saltwork brines with really high puritywalys more than 99%). However, another
important big market for the magnesium hydroxide reported in the section 6, is the
nutraceutical and pharmaceutical field. In thatecdlse most important restriction is the
solid purity and high Specific Surface Area, bdthmcteristics already obtained with the
MF-PFR.

In the next part of the thesis will be describeakeotactivities focused on the study of
the reactive precipitation process; in particutaw configuration will be analysed in
order to improve the grown stage at the expengheohucleation. For this purpose, a

classic CSTR is used due to its process flexibility
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Crystallizer with lon Exchange Membrane (CrIEM)

8 CRYSTALLIZER WITH ION EXCHANGE MEMBRANE

Abstract

In this chapter, a patented Crystallizer with lorcBange Membrane (CrlIEM) is
proposed for the production of magnesium hydrofiden exhausted brine. The device
consists of two channels with different electrolgtdutions, i.e. a brine and an alkaline
solution, separated by an ionic exchange membidme membrane allows the selective
transfer of OHions from the alkaline solution to the brine whielacts with Magnesium,
precipitating as Magnesium Hydroxide. In the opodlirection Cl anions diffuse
through the membrane, significantly contributinggemerating the actual driving force of
the process, i.e. the different electrochemicaéptial of anions between two channels.

The big advantage of CrlEM technology is that tle solutions are not mixed, thus
any kind of alkaline solution can be adopted, éf/fenconventional crystalliser this could
give rise to a lower product purity due to co-ppéeition phenomena.

Thus, in CrlIEM technology low-cost reagents canubed to produce high-quality
product thanks to the selective transferring osion

In this chapter, the design, construction andrigstif different prototypes of CrlIEM
reactor are presented, analysing their performaaise changing several operative
parameters. The main operational issues ariseheinmembrane crystallizer have been

identified and some solutions have been proposddested.
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8.1 Introduction and state of art on the Crystallizer with lon Exchange
Membrane

As widely described in the previous sections, magme hydroxide is valuable
chemical that can be precipitated from concentrdteédes by mixing them with an
alkaline reactant. Even if common bases are seitfnl the process, several limitations
arise from direct reactive precipitation: by-prottuormation and dilution phenomena
could prevent to reach a proper purity or a congptedgnesium recovery (see chapter 7).

A novel crystallizer based on ion exchange memlsyd@&lEM) was developed to
overcome process limitation. An anionic exchangenbmane segregates the alkaline
solution from the brine, allowing Chnd OH to be exchanged between the two solutions
under a self-generating electrochemical potentiatlignt. As the brine pH arises above
9, the supersaturation is quickly reached and Mg¢@Fecipitates.

CrlIEM technology is a novel ion exchange appliaatipatented by Cipollina et.al in
2015 [170], that allows reactive crystallizatiom §gparation of valuable species (e.g. Mg
from brines) with a large flexibility in the choiad reactants. The use of IEM prevents
undesired species to induce low product purity.dééheless, some bottlenecks have been
identified: (i) channel plugging phenomena and l{igh area requirement in a possible
up-scale application arise respectively from thepsasion formation and low fluxes
recorded. For this reason, the core of R&D ac#sitieported in this thesis is focused on
fluid dynamics analysis, on novel prototype geomstrand on new IEMS able to
guarantee high fluxes, high selectivity and lowtcos

In more details, the CrlEM technology allows theatrolled mixing of ionic solutes
from two different solutions, aiming at a reactorgstallization process, finely controlling
the presence of useful reactive species and ttenae®f dangerous ones through the use
of an ion exchange membrane. A CrlEM reactor ctsmsistwo channels separated by an
ionic exchange membrane, one for the feed stream fivhich a product has to be
crystallized, and the other for the stream contajrthe ionic reagent. Figure 8.1 reports a
scheme of a generic reactive precipitation proagkzing the CrIEM technology with an

alkaline solution as precipitating agent.
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Outlet stream with the
precipitated product

Feed stream

M™+n(OH)" 2 M(OH),}
[MoA,] o - s [M(OH),, M,A,]
: : 7 AEM
“"o/ e ) 44
[C(OH)] —— on o em e > [C(OH),, CA]
mC* + kKA™ 2 C.A,
Alkaline solution Exhausted alkaline

solution with possible
by-products

Figure 8.1: Process scheme of the CrlEM technofogythe precipitation of a generic species
M(OH); M= element to be precipitated, A=anion retatto M, C=cation related to the alkaline
reactant, OH= hydroxyl group of the alkaline reatta and k are stoichiometric coefficients [170].

The “feed stream solution” has the “M” ion that want to precipitate and a counterion
“A” (anion in the example). The ionic exchange meante allows the selective transfer
of anion “A” but not cation “M”. At this point, the isn’t a charge equilibrium that forces
the hydroxide ion passing from one channel to therachannel. The hydroxide ion reacts
with the cation “M” producing a molecule slightlplable that precipitate, obtaining a
suspension in which there is the required prodQettlét stream with the precipitated
product). The anionic exchange membrane, beingtsateonly for anion, it doesn’t allow
the pass of the cation “C” (the hydroxide's couime), not allowing a concurrent
precipitation reducing sensibility the required giwot. The driving force that allows the
ions movement is an electrochemical potential diffié between the two channels. The
difference between the CrlEM and the classic pratipn technology, in which the
precipitation allows with direct contact betwee tleagents, is that in the first one it
possible to use every kind of reagents withoutrésk/to have product with low quality.

The CrlEM technology is applied in this thesis warlproduce magnesium hydroxide
from exhausted brine. The precipitation of Mg(@H)om such brines has been
demonstrated as technologically feasible. Howeaeglkaline reactant is required for the
reactive precipitation process. NaOH has been ssbaéy tested, but its high cost, can
significantly affect the economic competitivene$she process. On the other side, the
use of low-cost reactants (e.g. Ca(@HBads to dramatic losses in the product purig d
to the co-precipitation of by-products, as showthwhe MF-PFR. A CrlEM reactor can,
therefore, be used to face and solve the problerording to the following process

schemes:
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Mg + 2 OH- & Mg(OH),

Brine , i~ i 3 b ——> Brine + Mg(OH)2
(Na*, CI-, Mg?*, SO,%) | 1 1 1 1
Ca(OH): ; o o o L Ca(OH)2+ CaCl

Ca*+2Cl 2 caCl,

Figure 8.2: lllustrative scheme of the CrIEM pracés precipitate Mg(OH)from exhausted brine
with Ca(OH}»[170].

In the CrlEM technology is involved the use of loast reactants (e.g. Ca(QiHjo
precipitate magnesium hydroxide from exhaustedeb(figure 8.2). In this case, the
membrane allows the passage of hydroxide ions &&aline solution, but rejects calcium
ions, thus avoiding any contamination of the fipabduct. Chloride ions pass in the
opposite direction to restore the electroneutralggnerating a Caglsolution. This
demonstrates how to use a low-cost reactant asunalbydroxide, obtaining purities
greater than conventional processes.

According to the characteristic of the CrlEM tecluyy, this can be proposed as a
viable alternative to conventional systems for tigacrystallization. The main innovative
characteristics of CrIEM technology are highlighbedow:

- Possibility of using of low-cost reagents nottable for conventional reactive
crystallization processes, due to the formatiobyproducts when mixed with the feed
solution, thus affecting the final product purity;

- Possibility of dramatically reducing the envirogmtal impact of the reactive
crystallization process, by selecting with largexibility the best performing and less
polluting reactant;

- No moving parts, thus minimizing the risk of manofcal failure as in the CSTR;

- Modular process and device;

- Low footprint of the plant;

- High potential for technological development kakto the development of
optimized membrane.

The idea of the CrlIEM reactor was also inspiredthy technical and scientific
literature that has showed in the last years sepeogesses that utilize ionic exchange
membrane for different application, ranging froreattical energy production (reverse

electrodialysis), to desalination (electrodialys@h the other side, reactive crystallization
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is a well-known process used for the separatidngif-value compounds from solutions.
However, no example of membrane reactive crysalliras been developed so far for
similar application.

The CrlIEM's closest example of using IEMs for shiactions is the Donnan dialysis
process, where cationic or anionic exchange menetaemused in a stack as shown in the
following Figure 8.3.

waste solution NaCl+CaCl&¢——— J\
product mainly NaCl<—— —'—__i . . _#\—,

r\\&; NN »\}Eﬁ w\)f“j
WS N el S H e e
Cl-"J ¢l (SIRH CT R H I S el
.M . Mo H
Na ' ,Na_ # #H Na . H
2\ H 23\ b 2 M
Car W # Ca . # Ca .
S NN A AR
R : WO\
$ Na. y \Naﬂ ) N Na
i ca’ Ca "'g M ca’”
! 3 u
!
I {
feed solution CaCl, M {
stripping solution NaCl ==
-repeating unit

Figure 8.3:Scheme of Donnan dialysis process [129].

The driving force for ions transport is the diffetespecies concentration in the
solutions separated by the membrane. A typicaliegpn of Donnan dialysis is the
removal of bivalent ions such asC#softening) through the exchange of monovalent
ions such as Naln the example showed in Figure 8.3, a solutiomtaining CaGland a
stripping solution with high concentration NaCl deel alternately in the channels of a
stack with cation exchange membranes. Due to tmeerdration gradient, Naions
diffuse through the membrane from the "strippintugon” to "feed solution”, while ClI
ions cannot pass through the cationic exchange marabThe lost in electro-neutrality
forces C&' ions to migrate in the opposite direction, remgvinich bivalent cations from
the "feed solution" [129].

Other applications of the Donnan dialysis concmremoval of ionic species from
aqueous solutions. For example, removal of bor@mfidesalinated water [176] or
bromide from industrial waste water [177], fluori@d compounds from contaminated

solutions [178], or, finally, nitrates from wasteaters [179]. Many other processes have
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been studied in recent years for the removal ofhezetals in dilute solutions, but when
the concentration of the components in the solstimtrease, the osmosis processes
significantly reduce the process efficiency [186]all these examples, the ionic exchange
membranes are used essentially for the removadesfiss from a stream, but for reactive
precipitation. The reactive precipitation procesaes widely described in the scientific
literature; in particular, batch, semi-batch, CSfEactors, MF-PFR or electrolytic cells
are often presented as options for the requiredbewnt, but no device adopting ion
exchange membranes has been presented so far.

The possible recovery of magnesium from waste brias widely demonstrated by
Cipollina et. al [6,7] and in the present thesigkvélowever, the high cost of the reagent
used (NaOH) significantly reduces the profitabilitiythe process. On this basis, the idea
of developing the technology CrlIEM can directly dathe issue of adopting low-cost
reactants, not suitable for conventional reactrezipitation processes, in order to induce

a revolutionary change in the economy of the prodssif.

8.2 Design and construction of the first version of CrEM (v01)

One of the activities carried out within this ttesiork, was the realization of a
benchtop prototype of a membrane reactor. The geametry was chosen for the
equipment: this configuration is well suited fobdmatory scale studies due to the
simplicity of construction and assembly, and thegiaility to monitor externally the
process. Figure 8.4 shows a conceptual schemesafdhstitutive elements of the first
version of CrlIEM. The section shows: a membramna {iled element) separated by two
channels obtained by means of a polymeric gashe¢ @ement); an external Plexiglas
plate ensures the equipment tightness by meararmping bolts (white element) whereas
a spacer, i.e. a woven knit network, ensures thgtraembrane deformations do not
obstruct the channel (green element). During thépegent commissioning, the solutions
flow in the two compartments through the spacdip¥ang the channel tracing from the
inlet to the outlet of the module, modifying itsno@ntration due to the driving force for

the different concentration.
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Figure 8.4: Constituting elements of the membrawelute (first version). In white, the external

plates; in blue, the gaskets; in green, the spateed, the membrane.

The ion exchange membrane is positioned betweegdbket and then by the two

Plexiglas plates. These last elements had a théskaB2 cm to avoid a warping of the

plate and to distribute the stress homogeneoudyttre entire surface. The CAD scheme

with the dimensions is reported in Figure 8.5.
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Figure 8.5: CAD scheme of the first version of QWlEEeactor with the construction dimensions.
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The red rectangle represents the membrane wheheapath was realized in a
polymeric gasket. The channel has a width of 5 mchatotal length of 192 mm. In each
path stretch was positioned a plastic spacer ‘hitkbhess of 700 um to mechanically
support the membrane.

After the first sealing tests, the rector was dligmodified adding other twelve bolts
closer to the channels to avoid a leakage fromcha@nel to the others. These details can

be observed in the picture shown in Figure 8.6.

Figure 8.6: First version of the CrlIEM reactor.

8.2.1 Test description and experimental procedure with tle first test-rig of
CrlIEM (vO01)

A critical parameter in the experimental campaigasvthe choice of membranes.
Unlike solidly developed applications, such as tetetialysis, there are nho membranes
specifically developed for the precipitation of magium hydroxide from brine. Ideally,
the membrane to be used should possess certaiarfiespsuch as: high permselectivity,
high chemical resistance, low specific resistanug law water permeability. Some of
these features are in clear contrast: a membranacthieves high ionic flows is normally
hydrophilic and, therefore, has high water permégbi

The pH resistance was key parameter that guidecdhthiee among the commercially
available membranes. The only membranes chosethdofirst experimental campaign
were: Selemion AHO (AGC), Fumasep FAA-3-PK-130 (Rteceh) and Fujifim RP1.

The technical characteristics are presented ifofleving table.
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Table 8.1: Chemical-physical properties of FumaSspemion and Fujifilm membranes.

Properties Fumasep FAA Selemion AHO Fujifilm RP1
Thickness im] 130 300 120

lon exchange capacity [meq/g] 1.43 n/a 1.28
Membrane resistanc[cn?] 1.9 20 1.84

pH stability range 1-14 1-12 4-12
Thermal stability range [°C] n/a 5-60 n/a

The experimental set-up exploited in the prelimn&ests is represented in the

following scheme.

Base Solution Out

/ Brine Out

Base Solution
In

Figure 8.7: Generic experimental set-up for thistegde with CrlIEM.

A fresh alkaline solution was fluxed in an openddmom a tank to another whereas
the brine was continuously re-circulated in a abkmp in order to increase the pH to
appropriate values for the precipitation. The sohg were moved by peristaltic pumps
and pressure gauges were used to check the preskuineg the test.

Before each tests, water was fluxed in both charfn@m two graduated tanks in order
to check possible leakage between base and brinpartment. The seal in the channel
path of each side was optimized using siliconeggéa order to avoid possible bypasses
consequently reducing the solution permanent tirteé reactor.

The preliminary experimental tests have the purpmgeoof the concept of the CrlIEM
technology. Different commercial ion exchange meanbs were tested estimating the
migratory flux of hydroxyl ions with different basireagents. In the first stage of the
experimental campaign, artificial brine with 4M N&Cl was used to investigate the
transport phenomena through the membrane. Only edtanating the flux, the artificial
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saline solution was replaced with the real brirethl€ 8.2 lists the experimental condition
for the tests carried out with the CrlEM (v01). Tta® membranes presented above were
tested with three different solutions: distilled tara calcium hydroxide and sodium

hydroxide.

Table 8.2: Experimental condition for the prelimingests with CrlIEM (v01)

Test NacCl solution Alkaline solution

Membrane Base Sol. Conc[mol/l] pH Cond [mS/cm] Conc [mol/l] pH

Fumatech Water 4 6.92 229

Fumatech  Ca(OH) 4 6.8 235 5.87E-03 12.07
Fumatech NaOH 4 6.8 235 1.07E-02  12.03
Selemion  Ca(OH) 4 6.8 235 5.87E-03 12.07
Selemion NaOH 4 6.8 235 1.07E-02  12.03
Fujifilm Ca(OH), 4 6.8 235 5.87E-03 12.01
Fujifilm NaOH 4 6.8 235 1.07E-02  12.09

Distilled water Water represents a potential basis due to thapeatblysis reaction,
namely the self-ionization of water forming hydremi and hydroxyl ions. The
autoprotolysis equilibrium of water results in ancentration of the two ionic species
equal to 16 mol/l at 25 °C. However, this equilibrium can béesed by the
electrochemical potential gradient of a concenttrdtaCl solution in a CrlIEM reactor,

segregated by an anionic membrane, according tdidlggam shown in Figure 8.10.

NaCl — — NaCl + NaOH

VA
Distillate OH-
Water 2 H20 = H30+ + OH-

AEM

OH. /O<
) ) —— H20 + HCl

Figure 8.8: CrlEM functioning with NaCl/distilled ater, by water splitting induced by the

electrochemical potential gradient.

The concentration difference and the electricaleptal established close to the

membrane induces the chloride ions to migrate frioenNaCl solution to the water. For
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the principle of electroneutrality, this migratiinx can be sustained by the Nans or,
assuming a perfect permselectivity of the membrap@n opposite flux of negative ions
present in the receiving channel. But, since indtstilled water the concentration of
dissolved salt is negligible, the only ions ablertigrate to the NaCl solution are the OH
from the water splitting. It should be noticed ttta autoprotolysis reaction of the water
requires energy, supplied by the system through dbecentration gradient: The
electrochemical studies fixes 1V as limit potentidference for the water splitting, less
than the electrical potential associated with thiecentration gradient of chlorides in the
NaCl/distilled water system.

The feasibility of this test, would allow to usengile distilled water as a reagent for
the precipitation of magnesium hydroxide, with aolehseries of advantages: low cost of
the reagent, no environmental or safety risk, sk of contamination of the precipitated
product.

Obviously, the two critical conditions on which ttechnological feasibility of the
experiment is concerned are water quality and mangpermselectivity. From a practical
point of view, the experimental test is characestiby extreme simplicity: the membrane
reactor is fluxed into the two channels with theQNaolutions and distilled water. The
distilled water flows continuously, while a certauolume of solution is kept in
recirculation inside the membrane reactor. A simplé measurement indicates the
performance of the test, resulting in an accumutaf hydroxyl ions in the saline

solution. The arrangement of the equipment is shioviFigure 8.9.

Distillate water out

/ NaCl out

Distillate Water in

Figure 8.9: Experimental set-up with CrIEM (vO1)ngswater as OHsource.
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The analysis of the resulting curve allows theneation of the average ions flux across
the membrane. Commonly, the flux is defined agibkes of ions that passed through the
membrane per time and surface unit. The equatidn) élows calculating the molar flux
of hydroxyl ions N from the pH variation and, frdhis, the total average flux J (equation

(8.2)); the terms with the apex 0 are referredhatiteginning of the test.

N n-n® v-c-v0-c®

N = t—t0 ~  t—¢0 (8.1)
- g

] - Amembrane (82)

Calcium hydroxide An alternative solution to water splitting is theroduction of
hydroxyl ions using a strong base. As already dised, the membrane reactor has the
advantage of segregating cations in the relevanpestments: this system is thus suitable
for the use of calcium hydroxide that does not aorihate the product as shown in the
experiments with MF-PFR (Figure 8.7)

Since the expected fluxes are greater than thevtdstlistilled water, the arrangement
of the circuits was modified, circulating both didns in an open loop. The experimental

set-up is shown in Figure 8.10.

Ca(OH)z out

/ NaCl out

Ca(OH)zin -

NaClin "

Figure 8.10: Experimental set-up with CrIEM (vO%)ng calcium hydroxide solution as Oéburce.

An appropriate time was waited to reach a steadte stondition and then a pH

measurement gives the average flux obtained withdbnfiguration. Since in this case
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the system works in steady state, the relatiohedlow calculation differs from that used
in the batch test. Naming with Q the volumetriaiflcate (constant assumption) fed in the
module, a matter balance allows to calculate thiainflux N through the membrane with

the following relation:

Neot =Q-(C = C% (8.3)

Known the average flow, the flow is calculated watfuation (8.3). It should be noted
that, unlike the previous test, in this case ttitusion flux of the hydroxyl ions coupled
with the cations of the alkaline solution could e non-negligible. It is essential to
estimate the contribution of the migratory and whffe flux with a chromatographic
analysis in order to determine the calcium ion eohin the NaCl solution.

Sodium hydroxideThe sodium hydroxide test does not present amcegual
difference with the previous one, neither in thermging principle nor in the practical
operation.

8.2.2 Results with the CrIEM (vO01) using different membranes and
different alkaline solutions

The water test was carried out by recirculating t0of 4M NaCl solution in the
reactor for 416 min. The test showed no apprecightétion in the pH of the saline
solution. However, important osmotic effects hawgegged: the volume of the solution
almost doubled during the test, from 200 ml to 8400smotic phenomena are imputed
at the saline gradient. This is a negative effeat dlilutes the brine solution and decreasing
the hydroxyl ions concentration.

It is clear from this preliminary tests that in erdo use water as precipitating agent,
specific membrane have to be developed to redacesimotic effect and the consequently
dilution problem.

The experimental test conducted with lime has shitnahthe pH of the NaCl solution
reaches the value of 10.9 with a single pass inbéule. With a fixed velocity equal to
1 cm/s, the calculated flux is 1.85E-08 molfamin and the molar flow rate is 1.67E-06

mol/min.
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The pressure drops with the Fumatech membranecaneegligible: by flowing with
water at the beginning of the test the pressurg@aecorded a value at the entrance of
the channels of 0.15 bar, whereas with the NaCitiswl the value was 0.25 bar. This can
be explained by the fact that the saline solutiag & density and viscosity higher than
distilled water. Moreover, this increase in pressdrop involves a differential pressure
between the two channels, leading to a crushingthef membrane on the lime
compartment; the relative reduction of the sectisaful for the passage of the alkaline
solution is responsible for the increase of thel lloases in the calcium hydroxide channel.
An important note to the test is the chromatogragpimalysis conducted on the dialysate
sample. The presence of only traces of calciumiiotise sample analysed, confirms how
the membrane reactor is able to solve one of thitgsiemerged with the MF-PFR reactor
when calcium hydroxide is used.

In the test with caustic soda, the pH of the sadioletion reached the value of 11.28
with a single passage in the module. At the sanitg (1 cm/s), the pH measurements
have allowed to calculate the flux, equal to 4.4&Emol/cn min. The hydroxyl ions
molar flow rate is 4.00E-06 mol/min.

Two tests were performed at the same alkaline isolutonditions using an Asashi
Selemion AHO membrane. The pH recorded at the $ame flow velocity (1 cm/s), is
10.53 for lime and 10.35 for sodium hydroxide siolut The migrative flux was estimated
equal to 7.91E-09 mol/chmin for lime solution and 4.45E-08 mol/émin for caustic
soda. Similar pressure drops than lime where recbvdth this alkaline solution.

At the same condition, as reported in Table 8.2, tmore tests were also performed
with Fujifilm RP1 membranes. Poor results were fbwith this membrane obtaining a
flux equal to 6.29E-9 mol/cfrmin with NaOH solution and 4.44E-9 mol/émin with
Ca(OH) solution.

In Figure 8.11 is reported a comparison of thefiox experimentally obtained with
lime and caustic soda alkaline solutions, with thematech Fumasep FAA, Asashi

Selemion AHO and Fuijiflm RP1 membranes, respeltive

275



8.1E-08

7.1E-08 |- mCa(OH)2 =NaOH

6.1E-08

5.1E-08

4.1E-08

3.1E-08

Flux [mol/cm 2min]

2.1E-08

1.1E-08

1.0E-09

Fumatech Asashi Fuji

Figure 8.11: Comparison between the fluxes madéd Witmatech, Selemion and Fuijifilm
membranes in a CrlEM reactor. Tests were condweitbda solution 4M of NaCl and with alkaline

solutions at pH 12.

Fumatech membrane gives a flux almost an orderagfitude higher than Selemion
and Fujifilm membranes. Likely, thanks to its redddhickness and high hydrophilicity
grade. However, these characteristics that malsegngtallation in the reactor really
difficult due to the almost instantaneous swellbgaviour. Furthermore, the extremely
reduced thickness diminishes the mechanical priggest the membrane with a tendency
to corrugate, reducing the channel section andeasing the pressure drops. On the
contrary, the Selemion and Fujifilm membranes takikzed by particular support, whose
rigidity favours the installation in the module.€érhigh degree of hydrophobicity of these
membranes ensures a low swelling but it shoulduaeamtee a higher permselectivity.

The effect of the alkaline solution is opposite the membranes: with Selemion
membrane the greater flux is made by lime, vicesads the soda solution with the
Fumatech and Fujiflm membranes. The estimatiothefflux is very sensitive to the
measurement of pH, given the exponential relatigngtat binds the two quantities, for
this reason the error bars are so evident.

From the comparison reported in Figure 8.11, antbegested membranes, the best
performance is ensured by Fumatech. The potertittieouse of lime or ammonia is
interesting, especially if compared transversalihwhe traditional MF-PFR reactor: the

membrane reactor is the only technology able tglsupydroxyl ions from calcium
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hydroxide or ammonia solutions remaining indiffarerspectively to the co-precipitation
of calcium salts and to the possible dilution effsfcammonia.

A preliminary test was made with Fumatech membrang real waste brine from
saltwork. Due to the low flux obtained at pH 12wis made the test using NaOH at pH
13 trying to increase the driving force and likdtg flux. 30ml of brine was recirculated
in the module during the test. After ten minuteagmesium hydroxide start to precipitate
but the test was stopped due to the high-pressomerécorder (around 1 bar). Plugging
phenomena were observed. However, a sample waatddt and analysed with ion
chromatography, confirming the precipitation of magium hydroxide (purity higher
than 99%) with a conversion of 15%.

This first experimental test of reactive precipdat leads to several important
conclusions. The membrane reactor is capable wpitae magnesium hydroxide from
waste brine. Furthermore, unlike traditional MF-PieRctors, the technology is suitable
for the use of reagents such as lime and ammomally; as was conceivable, the main
issue is the scaling phenomena, whose managemdntetérmine the technology

progress. The CrlIEM and the set-up were changeddier to solve these problems.

8.3 Design and construction of the second version of &M (v02)

A new version of CrlIEM reactor (v02) consists obt®lexiglas plates, each carved
with a rectangular snake-like shaped channel, diittension of 20 mm x 270 mm x 165
mm. Two hose connectors are used to feed the golirtto the module; because of high
salinity of brine, plastic material was adoptedoals this case to avoid corrosion
phenomena. Between the plates a sheet of a Fuglilionic exchange membrane was
inserted, resulting in a net mass transfer arg@®6fcni. Even if the Fujifilm membrane
has demonstrated the worst results (see 8.2I23sithe best mechanical resistance and it
is easy to position between the two plates. Morgotlee longer deep collaboration
between the University of Palermo and the Compamydchelp in the problem solving
for this new application with the possibility to w#dop new specific ion exchange
membrane dedicated to the magnesium precipitation.

In this new configuration, spacers are not useatdler to reduce scaling problems.
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Figure 8.12: Second version of CrIEM reactor (v@)front view; b) internal view.

As can be observed in Figure 8.12, the inlet sofukioles are created not in the same
position, in order to avoid the possibility tha¢ thembrane is broken if it is mechanically
stressed from both sides in the same point.

The auxiliary items for the experiment include tyweristaltic pumps (Vederflex
M025), 4mm diameter plastic tube for fluid handliagd the relevant solution storage
tanks. Figure 8.13 illustrates the apparatus optbeess whereas the scheme is the same

represented in Figure 8.7.
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Figure 8.13: Experimental set-up with the secondiga of CrIEM (v02)

A typical brine composition used for the magnespnecipitation is reported in Table
8.3. A certain amount of brine is continuous radated in one side of the reactor whereas
the alkaline solution is fed in an open loop torgméee the maximum driving force for
the duration of the test. The volumetric flowradéthe two solutions were chosen in order
to obtain an average velocity inside the channglsakto 1 cm/s. All solutions were
prepared using demineralized water, while the caitipm was analyzed with an ionic

chromatograph (Metrohm, IC 882 compact plus).

Table 8.3: Typical brine composition used in thperkments with CrlIEM (v02)

lon Concentration [g/l]
Na* 25.6

K* 7.2

Mg?* 33.4

ca** 0.3

Two preliminary tests were run using a lime solut{jpH: 12.9) in order to confirm
the possibility to precipitate magnesium from brimgh the new CrlEM (v02) reactor
while a second experimental campaign was focusetherstudy of the effect of two

alkaline solutions (lime and ammonia) at differtsst duration.
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8.3.1 Experimental procedure

During the experiment, the CrIEM module carries that mass transfer between the
two solutions: ideally, the only ions able to migraacross the membrane are those
negative charged; nevertheless, small amount @breatcould permeate between the
channels because of the non-ideality of membramagaectivity and internal leakages.
Furthermore, the strong salinity gradient leads water flux from the diluted solution
toward the concentrated one. Among these secomdffasts, however, only the osmotic
flux affects significantly the experiment execution

In the first part of the test, the brine pH inciagds recorded by a digital pH-meter.
From the starting value of 7.3, it rises dynamicadl the proper range of magnesium
hydroxide precipitation (9 = 0.1). To avoid longrsients, the dead volume of piping has
minimized by chosen the smallest commercial avhlaimner diameter tube. Normally, as
observed in the preliminary tests, 30 ml of brireed 2 hours to complete the pH
increasing.

Until the complete conversion of Migons is reached, every Oldjection precipitates
Mg(OH), rather than increase the pH. A small amount ofstileel product is carried out
by convection from the brine flow rate, even if thajority of crystals stay attached to the
membrane, wherever they are formed. With time, @ggrations grow and reduce the
cross section available to the fluid flow, thuseatain head losses could be recorded by
the in-line manometer.

After a specific time, the experiment is shut dotte, CrlIEM module is disassembled
and cleaned, and magnesium hydroxide suspensiondwestly collected from the
membrane. The suspension is filtered, resultirydalid product that is washed and dried.
The conversion reached by the reaction can be a&®dnas ratio between the actual

product get and the theoretical value obtainalzigisy from the brine Mg content:

_ Mactual _ Mactual .
Xypyq = —ectual . 100 = ____Tact 100 (8.4)
Mtheoretical CMgz+ Vbrine MWMg(0H),

Another, independent, conversion estimation cagdidrom the residual magnesium
content in the brine, at the end of the experimentjescribed in the paragraph 8.2.1, and
here reported with slightly different formulatioBnce noted the final brine volume, the
suspension is filtered and diluted with deminerdizwater to reach the functional
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analytical range of chromatograph (1-100 ppm). Ornbe residual magnesium
concentration is known, the conversion can be tatied as variation of magnesium mass

in the brine normalized to the initial Migmass:

Mgz+ Mgz+ Mgz+
x _ AmMg2+ _ Vo'Cy _Vfin'cfin -1 Vfin'Cfin 8.5
filt — 7 7 brine T MgZ+¥ -+ MgZ¥ ( . )
Mg?2+ Vo Cy Vo Cy

Apart from the way conversion is calculated, ibals to quantify the ionic flux across

the membrane, i.e. the moles of Qtdnsferred per unit of time and membrane area:

. Mg2+ Mg?
]—= noy— _ ang(OH)z _ 2:Xn, _ 2:XVo'Cy (8 6)
t*Am tAm t-Am t-Am '

In eq. (8.6} is the net precipitation timéy, the membrane area available to the mass
transfer,X is the conversion);Lf'f*"2+ the initial magnesium ions, calculated as product

between the brine initial volunig and the relevant initial molar concentratmﬁgH.

The last process performance parameter is the golity. It contributes to define the
market value of magnesium hydroxide, ranging freahnical to food and pharmaceutical
grade or as flame retard. The purity can be expteas mass ratio of magnesium ions to
the overall cations content. To reach the highessible purity, after the first washing
cycle the solid is smashed and washed a seconddinegnove every soluble salts traces
or brine entrapped inside crystals agglomeratidre powder is than neutralized with
stoichiometric 1M HCI and diluted with demineralizevater to obtain a 100 ppm ionic

solution to analyze by IC chromatograph as alsedorthe MF-PFR tests.

8.3.2 Preliminary experimental results with the CrlEM (v02)
According to the experimental procedure, two pralamy experiments were
conducted, named respectively A and B, using limleiteons as precipitating agent.

Results relevant to experiment A are summarizéekhiole 8.4
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Table 8.4: Experiment results in the test A withEBA (v02).

Total experiment time [min] 480
Precipitation time [min] 360

Solid mass precipitated [mg] 293

Product purity [%] >99

Solid mass based Residual magnesium based
Conversion [%] 13 11
Flux [mol OH/cn? min] 2.89E-07 2.51E-07

The experiment lasted 8 hr, 6 of which of net pitation. The pressure losses,
negligible in the beginning, rose until 0.3 baridgrthe first 4 hr of precipitation, then
they kept constant until the end of the experim288 mg of powder was collected, and
the analysis show its purity overcame 99%. Eve@d{OH) was used, there was no
calcium salt contamination. This represent an irgdrresult, because highlights the
suitability of the CrlIEM technology where convemt# direct contact reactors fails.
Either based on solid precipitated or the residuagnesium in the brine, the conversion
stated near 10%. Note that the two results ar@ad@greement, even if the calculation
path is independent. This agreement holds truefafghe final flux value, of 2E-07 OH
moles per unit of time and membrane area.

A second experiment (B) was performed in the sapsgative conditions, in order to
validate the results. Furthermore, a series ofrimégliate brine sampling has allowed
monitoring the flux trend during the experiment; tbhese intermediate analyses a linear
variation of the brine volume has been assumedydzsat the initial and the final value.
Figure 8.14 shows the plot pH versus time durirggttansient of pH increasing from 7.3
to 9.
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Figure 8.14: pH trend during the initial transitistep in the B experiment with CrlIEM (v02).

Table 8.5 summarizes the overall results of theegrpent. As in the previous case,
the transient took 2 hr, then precipitation accsir3de amount of solid product attached
to the membrane was less the before, but the dyanifticrystals dispersed in the
suspension increased. The chromatographic anaisiwed that the product was high
purity magnesium hydroxide. The pressure lossghtsincreased form 0.2 bar to 0.3 bar,

without affect the reactor proper operation.

Table 8.5: Experiment results in the test B withE84 (v02).

Total experiment time [min] 460
Precipitation time [min] 340

Solid mass precipitated [mg] 111
Product purity [%] >99

From the intermediate samples analysis, the coiorermnd the relevant flux was
calculated, the data are presented in Figure 8Vith.time the flux seems to increase, but
the trend could be due only to the volume linearat@mn. By increasing the thickness of
the solid product layer on the membrane, the flugxipected to decrease or ideally keep

constant. The conversion trend is linear with timereasing until near 10%.
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Figure 8.15: Flux and conversion results for thecgpitation of magnesium from waste brine using

the CrlEM reactor equipped with Fujifilm lonic Exatige Membrane and Ca(QHjolution as
precipitating agent.

The flux value, 2E-07 mol/ctimin, confirms the result of the A experiment, sivayv
the operation of the CrIEM prototype is reliabletHis value is compared with those
calculated by pH variation in experiment with syattb NaCl 4M solution (see Figure
8.11), it results much higher. In particular, ftwetFujiflm membrane with the same
Ca(OH) solution and operative condition, the flux was tarders of magnitude higher
with real brine. This discrepancy could be addue#ber to (i) the accuracy of the
experimental procedure, higher with the estimatiprthromatograph analysis or (i) the
physical effect of precipitation that prevent pH riee beyond 9 until the complete
magnesium conversion is reached; in this way théndy force couldn’t reduce because
of the equaling of OH- concentration in the twousioins.

In conclusion, two preliminary experiments werefpened with the CrlIEM (v02).
They confirm the flux value (2.2E-07 mol/émin) achieved by using real saltworks brine
and calcium hydroxide 20mM. The precipitation ldstear 6 hr, resulting in a conversion
of 10%. Two independent method estimation agreatismesult. Finally, the magnesium

hydroxide powder is a high purity product, with aga fraction of magnesium higher than
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99%. Unlike direct mixing reactors, the CrIEM teclogy is able to process calcium
hydroxide as alkaline solution, without any prodcehtamination.

In order to understand the effect of a differekihihe solution and longer test time,
five more experiments were conducted with the Cri@BR) and the results are shown in

the next section.

8.3.3 Experimental campaign results with the CrlEM (v02)

In the preliminary tests with the second versionGQrfEM, the total conversion
achieved in both tests was around 10% after 8 hdmiigrder to assess the possibility to
recover the total amount of magnesium presentdsal@vork waste brine sample, some
long run test were performed. Ammonia solution me were tested in this experimental
campaign. The concentration of calcium hydroxidatian was fixed at 0.021 mol/l, close
to the maximum saturation point (0.023 mol/l) wieeréhe ammonia, due to its weak base
characteristic, was used directly as a concentraipal to 25% in weight. The operative

condition adopted for the tests are reported ind at6.

Table 8.6: Operative conditions summary for théstperformed with CrlEM (v02)

Test Time Reagent pH alkaline Brine volume Mg?* conc.
solution [ml] [a/1]

1 Short run NH 11.3 66 25.65

2 Long run NH 11.3 386 25.65

3 Longrun Ca(OH) 12,5 106 24.56

4 Longrun Ca(OH) 12,5 106 24.56

5 Longrun Ca(OH) 125 106 24.56

Test 1 and test 2

Two tests were conducted using ammonia: a shottorestimate the flux of hydroxyl
ions, and a long run. In the tests 2, the volumierofe to be processed was estimated on
the basis of the information obtained from thet fiest.

The ammonia was used at a molar concentrationoofhar 13 mol/l and in this case, a
proper volume was recirculated during the tests.

The pH trend for the test 1 is shown in (Figures®. After a transient time of around

1 hour, a value of 9.6 is achieved confirming thactive precipitation started.
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Figure 8.16: pH trend for the testl (short runhvémmonia solution and CrlEM (v02)

In the following table is reported a results sumynar

Table 8.7: Summary results of test 1 with ammoni GrlIEM (v02)

Xpwd [%0] 49,36
X [%0] 88,01
Flux OH (Xpwd) [mol/cn? min] 1.79E-06
Flux OH (Xgr) [mol/cr? min] 3.20E-06
Solid Purity [%] 99,65

The conversion estimated on the bases of solidgtaied is almost half than the other
procedure. Likely, this discrepancy is imputedhe solid lost in the tubes and due to
scaling phenomena. However, the fluxes are sirml&oth calculation procedures.

Once the flux with the short-run was estimated,2egas carried out in order to obtain
with a long run tests the complete conversion ofmesium into magnesium hydroxide.

On the basis of the information collected in thevius test, the time required for the
complete conversion was estimated for a fixed sanyglume of brine. From the
calculations made it emerged that for 386 ml ofdrithe duration of the test is equal to
72 hours.

However, due to scaling phenomena highlighted duttie test, it was not possible to

complete it; in fact, after a time of about 20 Iguhe experiment was stopped due to the
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clogging of the hydraulic circuit in which the psese drops were equal to 3 bar. Pictures
of the scaling on the membrane and into the reactshown in (Figure 8.17).

Figure 8.17: Magnesium hydroxide deposit on the brame and into the reactor channels.

Although the test was not completed, the followifaga are collected for the first 20
hours.

pH

Time [hour]

Figure 8.18: pH trend in the test 2 (long run) wathmonia in a CrlEM reactor (v02)
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In the following table is reported a results sumynfar the test 2 (long run) with

ammonia.

Table 8.8: Summary results of test 2 with ammoni @rlIEM (v02)

Xpwd [%0] 69.10
X [%0] 42.64
Flux OH (Xpwd) [mol/icn? min] 1.22E-06
Flux OH (Xgr) [mol/cr? min] 7.58E-07
Solid Purity [%] 98.54

Due to the discrepancy of the conversion calculaféiitwo methods and to the higher
accuracy of the way with ion chromatography, otlg tonversioXs: will be reported
for the next results. Obviously, the total convensivas not obtained but the estimated

fluxes are similar to the value found in the test 1

Tests 3-5

Calcium hydroxide solution was used for the teste3t 4 and test 5. Using the
information collected in the preliminary tests, @ume of 106 ml of brine was treated
with in the reactor for 72 hours.

In the following picture is represented the pH tréor the test 3
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Figure 8.19: pH trend in the test 3 (long run) Withe in a CrIEM reactor (v02)
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The trend has the characteristic shape of the nsagneprecipitation with alkaline
solution, after 48 hours the pH starts again togase strongly because all the magnesium
is precipitated. Similar test are observed in #st 4 and test 5.

In order to prevent the scaling problems foundhimprevious studies, in the test 4 the
CrlEM reactor was introduced in a sonicator batjing to reduce this important issues.
However, the scaling problems were only slightigueed, even if more precipitated was
directly collected in the brine tank.

In the test 5, instead, the conversion trend iretimas investigated collecting small
samples during the test and analysing them with idmc chromatography. The
conversion in time is reported in (). The convans®not linear in time and this confirm
that the driving force decreases during the preadipn, not for the alkaline reactant

solution but because the concentrations in theeld@aclines.
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Figure 8.20: Conversion vs time for the test 5 Wite solution in the CrlIEM (v02)
It can be observed a good agreement between thgrglkision and the conversion

trend. After 48 hours, all the magnesium is coraatihto magnesium hydroxide.

The performance parameters for these three testepresented in
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Figure 8.21: Performance parameters (conversiaity@nd ions flux) for the test 3, test 4 and test
5 with the CrlIEM (v02) reactor and calcium hydroxisblution as precipitating agent

In all the three tests, the value obtained forcineversion, purity and ions flux are the

same.

8.4 Design and construction of the third version of CrEM (v03)

The issues highlighted in the first experimentahpaigns have address the research
towards the design and implementation of a newiaesf CrIEM (v03). The reactor used
keeps the same starting CrlIEM idea but with songegpiate modifications. It consists
of two Plexiglas plates (270 mm x 210 mm x 25 mmdich two circuits were dig, as

the previous version but with different shape aimgdethsions ().
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Figure 8.22: Third version of CrlEM reactor (v08).front view; b) internal view.

The circuit shape has not rectangular section akanCrlEM (v02) but it is semi-
circular. This is fundamental for solutions adoptededuce the scaling problem. The
pumps were substituted with a new pump “If biofludodel WT/600/S” with a double
head.

The new set-up is reported in Figure 8.23.
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Figure 8.23: Experimental set-up with the thirdsien of CrIEM (v03).

Among the possible solutions for the scaling protdesome were selected and tested
with the new CrlEM (v03), trying to solve or at &aninimize the issue, important if a
scale-up is imagining with this new rector. Theusioh tested are listed below:

e Cleaning ballsballs of spongy material used, in general, feaging the heat
exchanger tubes. These balls were introduced vtdiydraulic circuit of the
brine in order to scrape the solid deposited omibenbrane surface;

e Air: using compressed air at a pressure of 0.6 bds, pbssible to create
turbulence inside the channel and promote the rampvocess of the
accumulations generated during the process.

« Filtration: the suspension is filtered during the test arddlear solution is
send back to the reactor; it is also possible seole a cleaning action by the
liquid itself.

In some cases, these practices were performedgather. The tests were run using
calcium hydroxide solution as source of Gths. Two membranes were tested, both made
by Fujiflm Company and in some cases were cleaarad re-used for more tests. A
summary of the operative condition adopted in thésv experimental campaign is

presented in the Table 8.9.
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Table 8.9: Summery of the operative conditions usale experimental campaign performed with
CrlEM (v03)

Test Time Reagent  pH alkaline Brine volume Mg?* conc. Membrane
solution [ml] [a/1] (Fuijifilm)
Longrun  Ca(OH) 12.5 55 25.21 RP1
Longrun  Ca(OH) 12.5 45 25.21 RP1
8-9 Longrun  Ca(OH) 125 45 24.21 RP1
10-11-12 Longrun  Ca(OHh) 12.5 40 25.53 El

Before starting the experimental campaign, the @segd solutions to solve the scaling
problem were tested in few spot tests. It was nttatthe turbulence made with the air
helped the membrane self-cleaning process wheheasl¢aning balls, if continuously
circulated in the reactor caused the membranes@kbFor this reason, in all the tests, the
air was flushed continuously whereas the cleanails lvere used only few times per test
or if more test were made with the same membranig vehen the membrane was cleaned
to re-use it in the next test. The suspension aakteas filtered each times it became not

clear anymore.

8.4.1 Experimental campaign results with the CrlEM (v03)
The first four tests were made using Fujifilm RP&mibranes whereas the other three

tests were performed with Fujiflm E1 membrane.

Test 6 and test 7
The tests 6 was performed in order to evaluatétieflux using the new reactor with
the same other conditions exploited in the prevexerimental campaign. The pH trend

is report in
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Figure 8.24: pH trend for the test 6 with the CrIE¥3) using calcium hydroxide as Osburce

The pH trend is similar to the other found with irevious version of CrIEM reactors.

Test 7 was made at the condition in order to contine performance of test 6 and

better evaluate the ions flux through the membr&aking few samples after the first 12

hours, the total conversion was already achievdubth cases after 20 hours. Using the

final ions flux estimated in the previous testsrestimated the time required for the total

conversion, this also due to the fact that the flagreases during the test.

The performance result for these two tests arevatig shown.

mTest 10 mTest 11

Conversion

Purity

_'E 3.0E-07

0.0E+00
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Figure 8.25: Performance parameters (conversiaity@nd ions flux) for the test 6 and test 7 with

the CrIEM (v03) reactor and calcium hydroxide sioiotas precipitating agent
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The performance results are comparable in botbhdkes. It was demonstrated that the
solution applied help the cleaning of the membuaieicing the scaling problem and the

possible channels clogging phenomena.

Test 8 and test 9

These two test were performed at the same congitisting the possibility to use the
same membrane more times. After 24 hours of the9tebe membrane was broken and
the test was suspended. However, the data collsti®dn the same results obtained in
the tests 6 and 7. Purity higher than 99% withravecsion of test 8 around 99.5 %. Also
this experimental test confirmed that after 24 Babere was a total conversion.

Test 10, test 11 and test 12

These three test were made using the same memtimaeetimes. In this case, the
membrane adopted was the new Fujiflm membraneTik membrane has a higher
mechanical resistance respect to RP1 membraneqeFfaemance were keep practically

constant in all the three tests. The results asgstbelow.
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Figure 8.26: Performance parameters (conversiartymnd ions flux) for the test 10, test 11 and
test 12 with the CrIEM (v03) reactor and calciundioxide solution as precipitating agent. Tests

made three times with the same membrane.
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The value reported above confirmed the possiliilitye-use the same membrane more
times exploiting the turbulence created with the thie continues solution filtration and
the use of the cleaning balls between one testtendther helping to clean the membrane
surface without disassembling the reactor.

Further studies are needed before bringing thisn@ogy to a higher TRL with the
use of new membrane and new configuration, in cimeolve the main issues highlighted

in these experimental campaigns.
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9 STUuDY ON MAGNESIUM HYDROXIDE CRYSTALS
GROWTH AND FUTURE PERSPECTIVES

Abstract

The reactive crystallization process of magnesiyardxide is influenced by many
parameters. The use of ammonia or sodium hydr@asdeactant can dramatically modify
crystals morphology. A strong base promotes th@&tion of small crystals while a weak
base can improve the growth. Also the quality efdférine used in the process strongly
affects the crystal morphology.

After reporting a literature overview on proces@smagnesium hydroxide crystals
modification, an experimental campaign with a ttiadial CSTR is presented. This reactor
was used to better understand the growth proces$vied in the reactive precipitation.
Different parameters were changed and the finalli€sere compared.

All the samples were analysed with lon Chromatolgyapaser granulometry and wth
a Scanning Electron Microscope. Using internal ckeywith long resident time, the

crystal morphology was modified compared to thedtad. Once-through configuration.
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9.1 Crystals of magnesium hydroxide and methods for itsodification

The ability of an alkaline solution to precipitateagnesium hydroxide from a saline
solution containing Mg is known from a long time. cditical aspect of this reactive
crystallization process, however, concerns the mulggy of the particles and how these
are influenced by the process parameters involved.

In 2003, Henrist et. al [159] have demonstrated tieegnesium hydroxide precipitate

mainly in two crystal morphologies as shown in fibldowing figures.

Figure 9.1: Magnesium hydroxide crystal morphologlyglobular cauliflower-like agglomerates;
b) and c) platelet-shaped particles [159].

In Figure 9.1A is shown the typical globular cdolfer structure of magnesium
hydroxide that was also obtained with the MF-PFRegmorted in Figure 7.31, while
Figure 9.1B and Figure 9.1C shown the plated-shagaeticles with different states of
aggregation.

According to literature works [159,181], it was demstrated that the chemical nature
of the base precipitant is of prime importance lo@ ¢rystal morphology. The reagent
effect is twofold and have to be described in teofitsoth pH of the crystallizing solution
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and of the cations chemical nature. The pH valiubebasic solution have to be compared
with the isoelectric point of the magnesium hyddxii.e. with that particular pH value
which does not result in any excess of charge &edsoon the crystals surface. The
isoelectric point of magnesium hydroxide has begregmentally determined and it is
around 12. This implies that the use of caustiaggiH = 13) and ammonia (pH = 10)
completely changes the sign of the adsorbed chardgbe crystals. The negative charge
excess, in the case of soda, attracts the positime resulting in a greater local
supersaturation and a nucleation increasing detytgrowth process.

Furthermore, the incorporation of positive ion®itite crystal lattice is not a selective
process and strongly depends on the nature ofatiens in solution. The ionic radius of
the different species determines a certain stemcumbrance, resulting in different
impediment in the adsorption respect to the magneson. In the case of soda, the high
mobility of the sodium ion, together with a higlseipersaturation due to the excess of the
pH with respect to the isoelectric point, deterrsitiee overabundant birth of nuclei. These
uncontrolled growth, determines the peculiar glabustructure of the crystalline
aggregates. However, these considerations aresazi/@r the case where the precipitation
is carried out with ammonia: lower local supersation and the steric impediment of the
ammonium group improve the crystals growth obtajmmore regular shape.

The temperature also has a strong effect, mainttheragglomeration behaviour and
particles size. The particles show a tendency tdsvartergrowth at 60°C, while at lower
temperature, single and circular platelets areinbth with a mean diameter depending
on the synthesis and ageing temperature: the |dkertemperature, the higher the
diameter. Varying the magnesium source modifiectiemical nature of counter-ions in
solution. Magnesium nitrate and magnesium chlobid¢h gives rise to the desired
morphology. Magnesium sulphate appears to pronggéomeration of primary nuclei,
but this behaviour is not totally understood [159].

Submitting the powders in solution to a mild hydwerimal treatment induces a
pronounced improvement of the particles morpholagywell as an increase of their mean
size, with subsequent decrease of their specififasel area. Kumari et al. [182]
demonstrated that Mg(OHinicrodisks, nanodisks and polyhedrons can be mddaivith
an hydrothermal treatment at 200 °C for 3, 12 ahth 4espectively.
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Today, the path to success, as most studies deratmsis the obtaining of
nanoproducts with specific particle morphologied aith hydrophobic properties. Apart
the reactive precipitation, different other methbdse been proposed for the magnesium
hydroxide production such as sonochemical, sol-gkdctrochemical and solvo-and
hydrothermal methods to those using microwavesapour phase deposition or the
traditional use of raw minerals. Moreover, diffdrerethods, as the hydrothermal process
already cited, have been proposed to modify thiasaof magnesium hydroxide such as
the use organic and inorganic compounds [181].

The morphology obtained in the tests with the MIRREactor is globular cauliflower
(Figure 7.31), not usable as additive in the flastardant. Due to its high purity and high
surface specific area is applicable in the pharmiiead and nutraceutical fields. Some of
the issues presented above that create globuldiclparare present in the reactive
crystallization process from waste saltwork brifseove all, the presence of sulphates and
the use of NaOH strongly contribute to form aggleatien of small nuclei.

In order to study the parameters that can modtfiedmorphology of the magnesium
hydroxide crystals from saltwork brines, a lab @undus Stirred Tank Reactor (CSTR)
was designed and constructed. This traditionaltoeas more flexible than MF-PFR and
CrlIEM and is more suitable to study the effect dfedent parameters on the growth

process.

9.2 Study on magnesium hydroxide crystals growth with &STR reactor

A CSTR is a continuous reactor consisting of a téatk by a constant flow rate,
equipped with an agitation system. Obviously itaglly different than the other two
reactors studied in this PhD thesis but it is meugable for the study of magnesium
hydroxide crystals growth. This is a rector whére tondition change in time while in
the MF-PFR change along the reactor space.

The lab CSTR is shown in Figure 9.2 and is constituby a Plexiglas cylinder (1 1)
and a stirrer for the mixing. The solutions areffedn the top while the outlet is collected
from the bottom. Peristaltic pumps are used to fdkthe fluids. Four tanks are provided

to store the inlet and the outlet solutions.
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Figure 9.2: CSTR lab test-rig.

The CSTR was tested with different resident timg$(t were chosen with the same
order of magnitude used in the MF-PFR tests. A sargnof the operative conditions

adopted in the first experimental campaign is regzbin the table below.

Table 9.1: Operative conditions adopted in the &xperimental campaign with CSTR

Test  [Mg*]  Qune  [NaOH] n7eal  Quase N T
9N  [mUmin]  [mol] Njge" [mimin]  [rpm]  [sec]
1 25.1 735 4 1 379 400 54
2 25.1 735 4 1 379 400 54
3 25.1 735 4 1 379 800 54
4 25.1 1450 4 1 749 400 27
5 25.1 376 4 1 191 400 108

The first test was performed at the same residewt of the best test performed with
MF-PFR (8 cm/s). The second test was performetieasame condition of test 1 but it
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was a long run (60 minutes) in order to confirmfite results and to evaluate the stability
of the properties of the particles produced. Thedthest was performed at higher
rotational speed while the last two tests werequaréd with other two different resident
times.

In a second experimental campaign, the test-rigshigbtly modify in order to install
streams recycles with the purpose to reduce thad fupersaturation in the reactor and to
promote the growth phenomenon. The operative comditadopted are reported in Table
9.2.

Table 9.2: Operative conditions adopted in the &xperimental campaign with CSTR

Test Mgz+ Qbrme NaOH Nile;fz Qbase Qrecycle N T
[a/1] [ml/min] [mol] N Pt [mi/min]  [ml/min] [rpm] [sec]
6 24.1 743.7 4 1 367.4 - 400 54
7 24.1 743.7 4 1 367.4 3670 400 54
8 24.1 743.7 4 1 379 3670 400 54
9 24.1 66.9 4 1 33.1 3670 400 600
10 24.1 66.9 4 1 33.1 3670 400 600

Test 6 was performed in order to repeat the testema the first experimental
campaign and to use it as reference. All the ofber tests were compare with this
reference. In the test 7 was introduced a recadhégh flow rate of solution (3670 ml/min)
was get from the bottom of the reactor and it vexsrculated on the top after mixing it
with the inlet brine. In this way, the inlet maggs concentration is reduce without a
dilution of the inlet brine. Test 8 was made at $hene operative condition of test 7, but
in this case the recycled solution was mixed whth alkaline solution before entering
again into the reactor. This configuration woulduee the local supersaturation in order
to promote the crystal growth. Test 9 and testriddead were performed using a long
resident time (10 min). Both tests were made réegclhe suspension in the alkaline
solution circuit, but in the test 10 the alkalimdusion was pumped at the aspiration of the
recycle pump in order to prevent clogging probles tfappened in the test 9).

In each test, each sample was collected afteradupal to 4 times the resident time.

All the samples were analysed in order to investidhe granulometry distribution and
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the purity. Scanning Electron Microscope was exptbito see the real shape of the
particles and the real size of the crystals.

A pH meter was installed at the outlet and the ftate were fine adapted in order to
perform the test at around 11 pH. This was takemaacount in the second experimental
campaign while in the first campaign, the calcudafiew rate were fixed without a pH
control.

At the beginning of each tests, the reactor waefilip with brine and alkaline solution
at stoichiometric condition until a litre of susgén was obtained. After this batch stage,
the inlet pumps were simultaneously switched orthis way, the steady state condition

was achieved rapidly.

9.2.1 Results of the first experimental campaign with lalCSTR

A laser granulometer (Malvern Mastersizer 2000 Wgidro 2000MU) was adopted
to evaluate the particles size distribution. A# gamples were sonicated at 20 kHz for 2
minute to reduce the effect of the agglomeratioiffeBent samples were collected and

measured for each test, but only the data of stesemples are reported in Figure 9.3:

25
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Figure 9.3. Granulometric size distribution of teets made in the first experimental campaign.

As can be observed in Figure 9.3, test 1 and téstv2 similar results than the test
made at the same resident time with MF-PFR (8 ajy/S¢he same trend was obtained

with a CSTR at higher rotation speed. Insteadréb&ent time has a strong effect on the
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particle size distribution, in particular lower grgives higher size whereas higher resident
time gives lower size. These tests have demondtthst some parameters can have an
influence on the particle size distribution, in fparar at different condition, the
agglomeration is promoted.

In this experimental tests, the pH was un-contdobend the value measured were
always higher than 12.5 pH in all the samples ctdid. On one side this confirm that all
the magnesium is precipitated, value obtainedwaldothe chromatographic analysis, on
the other side this high pH promotes the formatibemall nuclei instead of grow them.

However, all the Mg(OH)samples collected were 100% pure after two wasstiegs.

9.2.2 Results of the second experimental campaign withbaCSTR

The first test was made at the same condition eftéist 1. This was considered as
reference test in order to compare it with otheststemade with recycles. A laser
granulometer (Malvern Mastersizer 2000 with Hyde®@MU) was adopted to evaluate
the particles size distribution but also a Scantifectron Microscope was exploited in
order to visually check the patrticles.

The results of granulometric analysis are repartddgure 9.4. Also in this case were

compared only the last samples collected, whestdedy state was certainly reached.
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Figure 9.4: Granulometric size distribution of teets made in the second experimental campaign

As can be observed in the previous figure, thedledyas a strong effect on the particle

size distribution. Test 6, made at the same camditf testl, has particles larger than the
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test made without a pH control. Moreover, it waparimentally noted that the particles
dispersed in the suspension were rapidly sepatatelde mother liquor only by gravity.
This suggested that a pH control change the agghtioa condition.

The recycle gives a marked effect on the partieke distribution, reducing the values,
but seems that the different configuration does lmte evident effects. The values
obtained in the test 9 and test 10 with highedessi time are in line with the other results.

All the sample were analysed with ion chromatogyapbnfirming the maximum
purity of magnesium hydroxide and the total coniogrs

SEM analysis were made in order to analyse thetedfehese different configurations
on the crystals morphology.

The pictures were compared with the MAGNIFIN H5 magjum hydroxide, the best
reference in the flame retardant field at differex@gnifications (Figure 9.5, Figure 9.6
and Figure 9.7). As can be noted in the SEM argl¥isé recycle, the pH control and high
resident times (Test 9 and Test 10) modified thepmalogy of the crystals. If compared
test 6 with tests 9, it is evident that structunargges from globular to flat. The crystal
sizes are still in the range of hundred nanometngf®rtunately not suitable for the flame
retardant. However, if the sample of CSTR test Goimpared with another commercial
magnesium hydroxide for flame retardants (HYDRORMNg performance became closer
or much higher in terms of purity. The HYDROFY istained from milling some stones
in smaller pieces, but in this way the crystal sirgribution is random even if a size
selection can be done.

According to the above discussion, the morphologg the size of the Mg(OH)
crystals obtained by reactive precipitation fronsteabrine can be modify if the process
is run in specific condition. The presence of satghin the brine and the use of NaOH
make the process challenging. More investigatien regeded. Likely the only way to
obtain crystals as those of MAGNIFIN is to haveoatfhydrothermal treatment. However,
the magnesium hydroxide produced has high purliyaigs higher than 99.5 %) and a
high specific surface, the main characteristicsdedein the pharmaceutical and

nutraceutical field.
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Figure 9.5: SEM pictures with magnification of 50RM®f the magnesium hydroxide collected in
the CSTR tests (6-7-8-9-10) and MAGNIFIN H5.

306



Study on Mg(OH)crystal growth and future perspectives

Figure 9.6: SEM pictures with magnification of 1008 of the magnesium hydroxide collected in
the CSTR tests (6-7-8-9-10) and MAGNIFIN H5.
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MAGNIFIN

Figure 9.7: SEM pictures with magnification of 2B0R of the magnesium hydroxide collected in
the CSTR tests (6-7-8-9-10) and MAGNIFIN H5.
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Mg
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Figure 9.8: SEM pictures and EDAX analysis with mifigation of 25000 X of the magnesium
hydroxide collected in the CSTR test 9 and HYDROFY.
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9.3 Future perspectives of magnesium hydroxide produabn from waste

saltwork brines.

Good indications were obtained in the first expemtal campaigns of the CrlEM

reactor described in the chapter 8. In order toeritre CrIEM to a higher TRL, a new

reactor was designed and constructed with the gerfmincrease the membrane exchange

area and consequently the reactor capacity. TheGr&gM version (v04) is represented

in Figure 9.9.

Figure 9.9: Version 4 of CrIEM reactor with 5 timesger surface exchange area.

More plates can be piled in the new CrlEM versionthis way three membranes

instead of one can be inserted between the grednttan red plates (Figure 9.9).

Preliminary experimental tests were performed &ittaste industrial brine showing good

performance. This new reactor can treat a nomilal fate of around 60 litters of

solutions per day with a concentration of 3 g/lnedignesium. The new reactor will be

tested with different brines, in particular thefpemance with waste saltworks brine will

be the object of the future experimental campaign.
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The idea of the integrated cycle, widely descrilpettie previous chapters, has become
the business idea of a new Spin-off of the Uniwgrsif Palermo with the name
ResourSEAs srl. The author of this manuscript s @fithe co-founders. In particular, the
idea to recovery magnesium from brine is the maisirkess line. A first pilot plant with
a nominal capacity of 7 kg/h of Mg(OHvill be installed in 2018 in a real saltwork in
Trapani. The reactor will be a new version of MARPIR which the alkaline solution is
fed along the reactor by a coaxial tube positioimsiie the main tube. In this way only
one inlet is needed for the reactant. A 3D skescthown in Figure 9.10.

% |

Figure 9.10: New MF-PFR reactor rendering made Wittodesk Fusion360

A final P&I of the plant with all the devices neeldimcluding the separation stage is
already define. All the part of the plant will besambled with the purpose to have an
operative plant in 2018.
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Conclusions section Il

CONCLUSIONS SECTION 1l

Part of the thesis work, describedSection I, was dedicated to develop different
methods and reactors for the recovery of mineralshatural waste streams. Waste brine
of traditional saltworks was identified as the idsaurce for magnesium recovery. The
brine Mg concentration is 30 times higher than sgawand Mg can be recovered from
brines by reactive crystallization. Starting frodit@rature review, some novel continuous
reactors (MF-PFR and CrlEM) were proposed, desigmedstructed and tested to
produce high purity Mg(OH)from waste brines. The carried out activities heze
reported:

(i) analysis of the seawater integrated cycle cpidecusing the attention on the
magnesium hydroxide production from brine using @tile Feed - Plug Flow
Reactor (MF-PFR);

(i) development of a new crystallizer with ion &&mge membrane (CrlIEM) to
recovery magnesium from saltworks waste brine udimg-cost alkaline
solution;

(i) investigation on processes to enhance magmnesiydroxide crystals growth with
a CSTR reactor

(i) The idea of an integrated cycle that involvesrfprocesses is described. Seawater
desalination, table salt production, magnesium rfaarture and energy generation by
salinity gradient power technologies can be linkedugh the use of waste brine of each
process to be used as feed solution of the other.

Starting from seawater, this can be converted inésh water by means of a
desalination process. One important issue of tltisgss is the waste brine disposal. If this
brine is used to feed a saltworks, the salt tabdelycction can increase up to 30% more.
The saltworks, in turn produces a bittern thatanmmal practice is disposed back into the
sea. This bittern is rich of magnesium (up to 4payid it is almost free of calcium ions.
This waste is a perfect saline solution from whiohgnesium can be recovered as
magnesium hydroxide through reactive crystallizatidfter recovering magnesium, the
exhausted brine, free of bivalent ions, can beastqa in an reverse electrodialysis unit

to produce electrical energy.
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In this manuscript, the attention was focused onlyhe magnesium recovery process.
Different versions of Multiple Feed - Plug Flow Ré&ar (MF-PFR) were tested at different
operative conditions trying to direct the processards the production of crystals with
granulometries in the 1-6 micron range, the speatiftn needed in the flame retardant
field. Different analytic techniques were adoptadorder to measure the particles size
distribution, the purity of the magnesium hydroxideduced and other performance
parameters. The best results were obtained uditig-BFR with a brine flowing velocity

of 8 cm/s and four inlets for the alkaline solutipraOH).

(i) A new membrane reactor with ion exchange membrhas been developed as
described in chapter 8. This patented Crystallizign lon Exchange Membrane (CrlEM)
can lead to the recovery of high purity magnesiyarbxide from waste saltworks brine
adopting any kind of alkaline solution. The Qéhs pass through the membrane from the
alkaline solution to the brine. Chlorides presearthie brine goes in the opposite direction
to rebalance the electro-neutrality, thus enhantiiegOH ions flux driving force. The
OH reacts with the magnesium ions in the brine formiraggnesium hydroxide. The anion
exchange membrane creates a barrier for the catidmsh can not pass from the alkaline
solution to the reacting volume, thus allowing tise of low-cost alkaline solution, such
as calcium hydroxide, which normally presents ceefpitation problems of calcium
compounds in the product.

Three CrlEM prototype units were designed, constdiand tested. The performance
of different alkaline solutions and different opiara conditions were analysed. Air as
increaser of turbulence and cleaning balls wergdbto reduce fouling phenomena on
the membranes. Good results were obtained usingioahydroxide as alkaline solution:
purity higher than 99.5% was observed with a tetalversion. Some tests were also
performed three times using the same membrane btainmmg stable performance in

terms of purity and conversion.

(i) The final part of the section Il is dedicated the study of the magnesium
hydroxide crystals growth phenomena.

One of the main challenge, regarding the reactregipitation of magnesium from
brine, is the control of the particles morpholotging a traditional CSTR reactor, two

experimental campaign were performed, analysing effect of internal recycles,
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residence time and pH control. It was demonstrateEM analysis that, even if the
crystals size are around hundred nanometres, th@iphology changes if the alkaline
solution is diluted by an internal recycle (thudueing local supersaturation) with long

residence times.

Future perspectives look at the installation oflat plant for magnesium hydroxide
production (nominal capacity of 7 kg/h of Mg(QHin a real saltworks in Trapani. A new
compact MF-PFR has been already designed and ootedr The final P&I including the
process control has been elaborated. This actiiltyoe developed in collaboration with
a Spin-off company of the University of Palermo ¢RerSEAs SrL) of which the author
is one of the co-founders.

The research activities reported in this manuscaptributed to the obtainment of the
prize “ll edizione - Premio al talento e all'inn@rane alla memoria di Daniele Ragaglia”
by the Department of Industrial and Digital Innagat (DIID) of the University of
Palermo in 2017.
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Nomenclature

NOMENCLATURE
at Maximum conventional solubility (mol/l)
] Total average flux of OH{mol s?)
N Molar flux of OH (mol s%)
ng’[gH Initial magnesium ions (mot!)
Ap Pressure difference (Pa)
Ap pressure drops [Pa]
AV Potential difference (V)
Active area of one cell pair fih
a Activity (mol %)
Ac Crystal area (R
Am Membrane area in the CrlIEM reactor{m
Membrane width (m)
Nucleation rate order with respect to superasitur (-)
B° Nucleation speed (# st
C Molar concentration (mott)
Cor Magnesium concentration in the brine (mol/l)
Ciix Fixed charge density (med)!
dio Diameter at the intercepts for 10% of cumuéatiolume (um)
d50 Diameter at the intercepts for 50% of cumuéatiolume (um)
doo Diameter at the intercepts for 90% of cumuéatiolume (um)
h.void Hydraulic diameter [m]
Dp Diameter of a single element of the random pagkim)
Dsait Co-ion diffusion coefficient (fs?)
Dt Inner diameter of the column (m)
Ecell Electric voltage (V)
Estack Stack voltage [V]
F Faraday constant (C migl
f Void fanning friction factor [-]
fn Spacer shadow factor perpendicular to the menaban
Fi Flow rate (ris?)
g Growth rate order with respect to supersatungtip
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G

H
HETP
Ht
IEC
I'stack

i

J

Jsatt

Nbase

Nstoich

N
ocv
)

Pq

Q

Q1
Q2
Quair,dry

Qbr
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Linear growth rate (m/s)

Channel thickness [m]

Height equivalent to a theoretical plate (m)
Total height of the packing material (m)

The number of fixed charges per unit weightligf polymer (meq/qg)
Stack current [A]

Electrical current density (A/fp

Molar flux (mol/s)

Salt flux (mol e s?)

Electrical conductivity (S/cm)

Agglomeration rate coefficient {gion#* St unT?)
Growth rate coefficient (un%

Nucleation rate coefficient (#'Sgcrystai )

channel length [m]

Particle length (m)

Molal concentration (mol kY

Mass of membrane (dry or wet)

Mass of solid (kg)

Magma density (kg #)

Cell pairs number [-]

Population density (# fm)

Mole of OH (mol)

Stoichiometric concentration of OHeeded for the total conversion of
Mg in the brine (mol)

Number of theoretical stages

Open Circuit Voltage (V)

Electric power [W]

Electric power density [W el pai]

Thermal power (kW)

Thermal power in the heat exchanger (W)
Thermal power in the heat exchanger (W)

Dry air stream entering the saturation column @mi

Brine flow rate (I/min)



Nomenclature

Qsol
Qspec
Qo
Quwh
R
Raem
Roblank
Reelis
Rcem
Railute
Re
Rext
Re
RricH
Ri
Riow
Rstack
S

S

SD

vf

Vm,void

\/susp

Feed flow rate (I/min)

Flow rate of the solutions feed to the air stirgp(l/min)
Specific duty (kwh nd)

Total (i.e. inclusive of all channels) feed floate [n¥/s]
Thermal power of the waste heat (W)

Ideal gas constant (J midt?)

Resistance of the anion exchange membr@he (
Blank resistance(}]

Cell pairs resistance]

Resistance of the anion exchange membr@je (
resistance of diluted solutio®]

Void Reynolds number [-]

External resistance)]

Growth rate (kg rs)

Resistance of the diluted compartmegi} (
Membrane resistanc® (m?)

Resistance of the concentrated compartmébits (
Internal stack resistancg]

Fractional supersaturation (-)

Supersaturation degree (-)

Swelling degree (%)

Net precipitation time (s)

Temperature (K)

Temperature of the sink (°C)

Heat source temperature (°C)

Transport number (-)

Potential (V)

velocity (m &)

Velocity [cm/s]

Volume crystal factor (-)

mean velocity along the main flow direction (voitaoinel) [cm/s]

Suspension volume @n
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Greek letters

Ba

320

Power produced by heat engine (W)
Conversion (%)
Valence (-)

Distance between two liquid redistributors (m)

Activity coefficient (-)

Membrane permselectivity (%)

Spacer thickness (m)

Equivalent conductance of salt at infinite dibuti(S crd mol?)
Membrane thickness (m)

solution dynamic viscosity [Pa s]

Model parameters to calculate the activity coedfits (Kd'>molt/?)
Model parameters to calculate equivalent condeetan
Model parameters to calculate the activity coedfits (-)
Model parameters to calculate the activity coedfits (-)
Model parameters to calculate equivalent conduetéBacmi | mol?)
Model parameters to calculate the activity coediits (-)
Model parameters to calculate the activity coediits (-)
Channel porosity (-)

Energetic efficiency (%)

Cycle energetic efficiency (%)

Exergetic efficiency (%)

Form crystal factor (-)

Solid purity (%)

solution density [kg ]

Parameter to calculate solution density kgl I)
Equivalent conductance (S ¢mol?)

(S 5 cn? mott9)

Solution density (kgJ)

Model parameters to calculate equivalent concheetgP-> mol?3)



Nomenclature

Superscripts
CEM
AEM

Subscripts
a

AEM
blank

CEM
conc

corr

dil
exp

ext

filt

HIGH (high)
IN

LOW (low)
max

meas

net

ouT
pwd
sat

theor

Cation exchange membrane

Anion exchange membrane

Anions
Anion exchange membrane

Blank potential or resistance; in the firase the potential measured
immersing the electrodes in 3M solution of potasstthloride, in the
second case the portion of stack resistance dughdoelectrode
compartments.

Cations

Cation exchange membrane

Concentrated

Corrected value (of power output, stack vatagack current) obtained
by using the stack resistance without the contebotf the blank
resistance
Diluted

Experimental

External circuit
Filtrate

Concentrate solution
Inlet stream

Dilute solution

Maximum value

Measured (potential)

Net value (of power output) measured afterragting the power losses
due to the pumping of feed solutions

Outlet stream

Powder

Saturation

Theoretical (potential)
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Acronyms
AEM
AmBC
AmCb
BPE
CAGR
cC

CEM

CHP
CIEMAT

CrlEM
CsD
CSTR
DAQ
DMAPAA-Q
ELECNRTL
ENRTL-RK
FO
FUJI
ICP-AES
IEM
IL
IPCC
IWH
KC
MD
Me(OH)
MED
MFC
MF-PFR
Mix
MR
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Anion exchange membrane
Ammonium bicarbonate
Ammonium carbamate

Boiling point elevation
Compound Annual Growth Rate
Carbon carrier Cycle

Cation exchange membrane
Combined heat and power system
Centro de Investigaciones Energéticas,
Tecnolégicas

Crystallizer with lon Exchange Membrane
Crystal size distribution

Continuous-flow Stirred-Tank Reactor

Data acquisition system
3-Acrylamidopropyl)trimethylammonium Chliole
Electrolyte non-random two-liquid model
Electrolyte non-random two-liquid Redli¢twong model
Forward Osmosis

Fujifilm Manufacturing Europe B.V.

Inductively coupled plasma atomic emisspactroscopy
lon exchange membrane

lonic liquid

Intergovernmental panel on climate change

Industrial waste heat

Kalina cycle

Membrane distillation

Methanol

Multiple effect distillation

Microbial fuel cell

Multiple Feed — Flow Reactor
Salts mixture

Membrane resistance

Madibientales



Nomenclature

MRC
OHE
ORC
PEPG

PRO
RED HtP
RED
RED-CL
REDHE
REDstack
SE

SGP
SGPHE
SRC
TDEG
TEG
TLC
UEDIN
UNIPA
UPC
V-MEMD
WHTC
WHTH
WHTP
WIP

Microbial Reverse electrodialysis Cell
Osmotic Heat Engine

Organic rankine cycles

Piezoelectric  power generation with
expansion/compression cycle

Pressure retarded osmosis

RED heat-to-power project

Reverse electrodialysis

Reverse electrodialysis closed loop
Reverse Electrodialisys Heat Engine

REDstack B.V

Stirling engine

Salinity gradient power

Salinity gradient power heat engine
Steam rankine cycle

Thermal driven electrochemical generator
Thermoelectric generation

Trilateral flash cycle

University of Edinburgh

Universita degli Studi di Palermo
Universitat Politécnica de Catalunya
Vacuum multi-effect membrane distillation
Waste heat to cold

Waste heat to heat

Waste heat to power

waste -peatred

Wirtschaft und Infrastruktur GmbH & Co PlangAgG
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