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sustainable source of raw materials. Nevertheless, very few works have pushed the idea towards a real
demonstration activity, and this somehow limits the reliability that such schemes have with respect to the real
implementation potential at the industrial scale. In this work, for the first time in the literature, an integrated
treatment chain for the sustainable production of freshwater and minerals has been demonstrated at a pre-
industrial scale, in the island of Lampedusa (Italy). The treatment chain included a Nanofiltration (NF) step to
separate monovalent and bivalent ions, followed by a Multi-Effect Distillation (MED) unit, powered by waste
heat from a Thermal Power plant, generating high-quality water (<30 pS/cm) and an ultra-concentrated brine.
The latter was treated in Evaporation Ponds (EPs) to generate high purity NaCl (>99 %). On the other side, the
NF retentate was treated to selectively recover magnesium and calcium hydroxides (Mg(OH), purity up to 98 %)
in a novel Multiple Feed-Plug Flow Reactor (MF-PFR). The resulting brine fed an ElectroDialysis with Bipolar
Membranes unit (EDBM), generating in-situ alkaline and acidic solutions: chemicals needed for internal usage in
the plant. All units were successfully tested, reaching satisfactory performance indicators. Furthermore, the
stability of each unit during the daily operational run was assessed and successfully achieved, demonstrating not
only the technical feasibility of the proposed demo plant, but also the feasibility of MLD as a sustainable

alternative for minerals recovery.

1. Introduction

Many critical issues, apparently considered as a distant matter that
only remote future generations would have to face, are nowadays
coming across to be more recent than expected. Among them, climate
change, water scarcity and land mining depletion are convoying the
world economy to adopt a vision of greater sustainability for the future
[1]. To tackle freshwater shortage, the last decades have witnessed an
exponential increase of desalination plants installed worldwide, reach-
ing >19,000 plants in 2020 [2,3]. However, desalination is necessarily
accompanied by brine discharge, having both an economic and envi-
ronmental impact [4-6].

On the other side, land mining deficiency is becoming a critical
matter, with specific respect to several raw materials, for which mining
has been characterized by (i) gradual higher costs for both extraction
and environmental mitigation [7] and (ii) geographical availability,
which places the European Union (EU) in a position of significant
dependence from other countries.

To overcome the aforementioned global issues in a sustainable
manner, it appears essential to find a “limitless” source for freshwater,
on one side, and minerals, on the other, to be exploited with ideally zero
environmental impact. A possible solution could be seawater mining,
adopting the so-called Minimum Liquid Discharge (MLD)/Zero Liquid
Discharge (ZLD) process schemes. To be noted that MLD processes reach
a water recovery of 80 %, whilst ZLD processes aim at reaching water
recoveries up to 95-99 % [8].

Seawater contains several valuable elements [9]. Some in the highest
concentration range are sodium, magnesium, calcium and potassium,
which are already commercially extracted as chlorides, sulphates, and
carbonates, meanwhile magnesium is usually extracted as hydroxide
[10]. Other more valuable elements present in seawater, such as lithium,
however are much less concentrated and more difficult to extract [11].

However, the crucial question researchers are trying to answer is:
does seawater mining have the necessary elements to fulfil the world
economy's dream of sustainability?

Compared to terrestrial mining, seawater mining generally provides
several potential advantages: (i) inexhaustible water volumes of the
ocean, (ii) constant composition of the oceans' seawater, (iii) the vast
capacity of the ocean to dilute treated waste streams and (iv) the stable
and fixed footprint of the mining operation [12]. With reference to
freshwater/minerals recovery from seawater via an MLD approach, an
increasing body of literature is being formed. To the best of the authors'
knowledge, all minerals recovery schemes from seawater/desalination
brine, that have been proposed in literature heretofore, are reported in
Table 1. It is to be noticed how most of these studies are based on
conceptual ideas, analyzed from a techno-economic perspective through
the use of process modelling and software tools. Among such simulative
studies, many process schemes have been proposed by Panagopoulos
[13,14]. Firstly, a basic ZLD scheme, comprising Reverse Osmosis (RO),

a Brine Concentrator (BC) and a Brine Crystallizer (BCr), was investi-
gated. Results of an economic analysis showed that 99.36 % water re-
covery could be achieved with a treatment cost equal to 1.04 $,/m> of
freshwater produced. Variations of the ZLD scheme were analyzed by
adding a Forward Osmosis (FO) unit [15] or substituting RO with High
Pressure Reverse Osmosis (HPRO) [16] or replacing the BCr with Wind
Aided Intensified Vaporation (WAIV) [17]. For all cases, economic
feasibility was demonstrated even though such variations had produced
slightly lower water recoveries equal to 98.88 %, 99.19 % and 85.75 %,
respectively. Furthermore, a new emerging process, called supercritical
water desalination (SCWD), is also reported in literature. Van Wyk et al.
developed a SCWD lab scale pilot for the production of drinkable water
and sodium chloride from seawater, reaching a water recovery of about
91 % and a sodium chloride recovery of 64 % [13]. The same authors
carried out a techno-economic analysis on the SCWD technology,
showing that the brine treatment cost could be decreased down to 1.16
$/m> (with the highest sodium chloride concentration equal to 20 w/w
%) [14].

As can be observed in Table 1, many other schemes were suggested
but their analysis never continued with an actual implementation in
demonstration systems.

The few studies in literature presenting experimental work carried
out at bench-scale/laboratory level were mainly limited to the recovery
of just water and one salt (i.e., NaCl). Only Tufa et al. [27] attempted to
generate energy from seawater brines via a lab-scale membrane-based
MD-RED (Membrane Distillation-Reverse ElectroDialysis) system. 92 %
freshwater recovery and a gross power density up to 2.4 W/m? were
achieved. Different was the scope of Zhang et al. [28] who recovered
chemicals such as NaOH (85 % pure) and HCI (95 % pure), along with
coarse salt (purity of 92 %), integrating chemical precipitation and
electro-membrane based technologies.

Even less were the MLD/ZLD schemes implemented at the pilot-
scale. Within the framework of the European-funded project SOL-
BRINE, a solar-driven evaporator-crystallizer process was developed,
recovering 90 % of water and dry mixed salts in Tinos Island (Greece)
[30-32]. A large-scale plant was reported by Kieselbach et al. [25]
within the framework of the Highcon research project. More precisely, a
demonstration plant was constructed comprising RO, NF, ED and MD
with a feed capacity of 1.5 m®/h. Be that as it may, the plant treated a
much-diluted feed solution than seawater (pre-treated urban waste-
water) recovering NaHCOj3 (89.9 % pure) via evaporation and crystal-
lization at lab-scale, thus resulting in a hybrid plant between the lab and
pilot scale. Furthermore, a larger demonstration plant was presented by
Al-Amoudi et al. [33] in Ummlujj, Saudi Arabia. The plant consisted of
an NF unit (feed capacity of 16 m>/h) for the separation of monovalent
and multivalent ions and production of two concentration steps: (i) the
first one was made of RO, HPRO +2 stage OARO (Osmotically Assisted
Reverse Osmosis) whereas the other step was made of OARO fed by the
NF retentate. Overall, freshwater was produced along with two
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Table 1
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Proposed minerals recovery schemes presented in the literature using MLD/ZLD approach exploiting seawater/desalination brine.

Author Ref. MLD/ZLD chain* Salt/water recovery Application scale Additional info
Conceptual ~ Lab
SW Feed capacity = 100 m®/da
o water v Water recoviryz 99.36 % -
Panagopoulos, 2021 (a), (b) [15,16] RO-BC-BCr - K
o mixed salts Energy consumption = 2240.4 kWh
Freshwater cost = 1.04 $/m°
SW Feed capacity = 100 m®/da
o water v Water recoviryti 98.88 % -
Panagopoulos, 2022 (c) [17] RO-FO-BC-BCr - .
o mixed salts Energy consumption = 1024.6 kWh
Freshwater cost = 0.79 $/m*
SW Feed capacity = 100 m®/day
* water v Water recovery = 99.19 %
Panagopoulos, 2022 (d) [18] HPRO-BC-BCr - R
o mixed salts Energy consumption = 2006.2 kWh
Freshwater cost = 1.02 $/m*
SW Feed capacity = 100 m®/day
* water v Water recovery = 85.75 %
Panagopoulos, 2022 (e) [19] RO-BC-BCr - . 3
o mixed salts Energy consumption = 1.3 MWh/m
Freshwater cost = 1.01 $/m>
o water SW brine Feed capacity = 100 m®/h
’ e Mg(OH), v Water recovery = 91.01 %
Morgante et al., 2022 [20] NF-MED-MRC-NTC « Ca(OH), - Energy consumption — 6.3 kWh/m®
o NaCl Freshwater cost = 0.8 €/m°
SW Feed capacity = 100 m®/d
El-Zanati et al., 2007 [21] NF-SWRO-MD o water v - Water recovery = 76.2 %
Energy consumption = —
Freshwater cost =0.92 $,/m>
e water v MED water production = 1 kg/s
Tahir et al., 2022 [22] MED-HDH-Ev e mixed salts - HDH water recovery = 40 %
ZLD SEC = 720-820 kJ/kg
e water Brine Feed capacity = 1000 kg/h
. - . e NaCl Water recovery = 99.2 %
Poirier et al., 2022 [23] hmultl—crystalllzatlon system with e Calcite v - NacCl recovery = 91.6 %
eat recovery e Anhydrite Energy consumption = 60.7 kWh/ton
o Epsomite Freshwater cost = 13.79 $/m°>
o water NF brine Feed capacity = 1000 m®/d
. e NaCl v Water recovery = 92 %
Al Bazedi et al,, 2014 (24 Cr-MCr o MgSOy B Freshwater cost = 2.82$/m>
e CaCOs3
o NaHCO, Brine Feed capacity = 1.5 m®/h
v Water recovery = 65 %
Kieselbach et al., 2020 [25] NF-ED-Ev-Cr-MD - Economic analysis for potential larger
e mixed salts scale plant:
brine disposal cost of 0.5 €/m*
e water v g Water recovery = 89 %
Von Eiff et al., 2021 [26] MD-MSF-Cr e NaySO4 Freshwater cost = 0.62 $/m>
Brine treatment cost = 1.24$/m>
e water v Water recovery = 92 %
Tufa et al, 2015 (271 MD-RED e energy - Gross power density = 2.4 W/m?
e NaOH g NaOH (85 % pure)
Zhang et al., 2017 [28] Cr-SED-EDBM e HCl - HCI (95 % pure)
e NaCl coarse salt (92 % pure)
. e water v Water recovery = 90 %
Jietal, 2009 (291 MD-Cr e NaCl - NaCl recovery = 17 kg/m®
e water Brine Feed capacity = 2 m®/day
Xe;(;gfzos etal. 2014, 2015, [30-32] Ev-Cr e dry salts - - 90 % water recovery
Powered by solar energy
e water N \/ Brine Feed Capacity = 8 kg/h
Van Wyk et al., 2018, 2020 [13,14] SCWD e dry salts Water recovery = 91 %
Brine treatment cost = 1.16$/m>
e multi-valent ion Feed capacity = 16 m®/day
stream Water recovery = 65.2 %
Al-Amoudi et al., 2023 [33] NF-(RO-HPRO-2 OARO)-OARO - - No salts are recovered

mono-valent ion
stream

88.1 kWh/ton NaCl for potential
commercial plant

* Refer to Acronyms section for the technologies of each listed MLD/ZLD scheme.

concentrated streams: (i) a monovalent-rich stream with a salinity of
130 g/L and (ii) a bivalent-rich stream with a salinity of 83 g/L. The pilot
was then upgraded with more selective NF membranes, a second NF
stage and extra stage of OARO. However, no pure salts/minerals were

recovered from the concentrated streams.
To the best of the authors' knowledge, there is no study at the
moment presenting results from an integrated seawater valorisation

treatment system at the demonstration scale that can recover multiple
high purity resources contemporarily.

Thus, within the framework of the EU-funded Horizon 2020 project
WATER MINING [34-36], this work aims at filling this gap by pre-

senting the results of an integrated system of 5 technologies that:
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(i) operates at a large demonstration level, i.e. feed capacity of 2.46
m3/h;
(ii) is highly versatile, producing both chemicals, high valuable salts
(3 useful secondary raw materials) and high quality water;
(iii) exploits waste heat generated by a Power Station, thus reducing
the energy footprint of the system.

This project builds on the successful results of the previously funded
EU-funded projects SOL-BRINE [30,31] and ZERO BRINE [20]. Building
on these previous projects where results from bench-scale or small pilot
systems were demonstrated, the WATER-MINING project focused on
developing large demo systems that are of pre-industrial scale and
relevance.

In the context of areas with limited water and energy sources, the
demonstration plant of this work was developed to increase water
availability with a sustainable and fully integrated approach. The main
aim was to propose and demonstrate a competitive and circular desali-
nation process thanks to:

(i) an option to maximize water production;
(ii) the production of multiple high quality valuable salts;
(iii) a low-energy consumption of the process due to waste heat
utilization;
(iv) in-situ chemicals production and internal re-use;
(v) a reduced volume of desalination brine discharged into water
bodies.

Such aspects would allow to reduce the overall environmental
impact of desalination related to brine discharge and enable a more
circular production of resources compared to traditional land-mining
within the EU.

2. The sea-mining case study in Lampedusa island (Italy)

The integrated plant was installed in the Sicilian island of Lampedusa
(Italy), close to the local Desalination plant and Power station. It

Desalination 581 (2024) 117562

comprises 5 different technologies: (i) Nanofiltration (NF), (ii) Magne-
sium and Calcium Multiple Feed — Plug Flow Reactor (MF-PFR), (iii)
ElectroDialysis with Bipolar Membranes (EDBM), (iv) Multi-Effect
Distillation (MED) and (v) Evaporation Ponds (EPs). A conceptual
scheme of the integrated process is illustrated in Fig. 1.

As can be observed in Fig. 1, seawater was fed to a double pass NF
plant, from which two concentrated streams were generated: (i) an NF
retentate, rich in divalent ions such as magnesium, calcium and sul-
phates; and (ii) an NF permeate, rich in monovalent ions such as sodium
and chlorides. The NF retentate was sent to the MF-PFR in which, via
two consecutive steps at a controlled reaction pH, magnesium and cal-
cium were selectively recovered in the form of hydroxides by adding a
sodium hydroxide (NaOH) solution. The clarified effluent of the MF-
PFR, free of magnesium and calcium, was then pumped to an EDBM
plant in which two chemicals were produced: (i) NaOH solution, that
could be used as the alkaline reactant for the MF-PFR, and (ii) HCI so-
lution, that could be used for cleaning purposes within the whole inte-
grated process and in the nearby desalination facility of the island.

The NF permeate valorisation chain integrated more conventional
technologies than those present in the retentate one. Firstly, an MED
plant exploited the waste heat of the Lampedusa Power plant to produce
high quality water. The outlet brine was further sent to a series of
evaporation ponds to recover NaCl (table salt grade).

It is worth mentioning that the size of the downstream units
following the NF and MED pilots (e.g. MF-PFR, EDBM and EPs) did not
match the full capacity required to treat the outlet streams from NF and
MED. This was due to practical and financial limitations for the con-
struction of the pilot plants within the project. Nevertheless, the size of
all downstream units could be considered fully representative of pre-
industrial applications in terms of (i) products characterization, (ii) re-
covery efficiency and (iii) stability assessment. An integration and
circularity assessment of a fully integrated system is, however, reported
in the final section of the paper.

lampedusa
island

~

Permeate

T,

Installation site of
MLD demo plant

Waste Heat
recovery

*Mixed with remaining brine
and discharge back to the sea

Fig. 1. Conceptual scheme of the seawater valorisation chain in Lampedusa, Italy.
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3. Pilot facilities and operational procedure

The single technologies, integrated in the proposed MLD process,
were purposely selected to recover valuable resources from the major
elements present in seawater. However, to better understand (i) the
production efficiency of the overall MLD demonstration plant and (ii)
the functioning of each technology, technical details of each pilot unit
are reported in the following sections. Performance parameters for each
technology are also defined, which were used to evaluate the quality of
the recovered products, starting from specific operating conditions for
each technology. Such conditions are presented along with the analyt-
ical procedure to determine the performance parameters. Finally, 4
specific indicators are introduced to evaluate the circularity of the
seawater valorisation chain (in the scenario of a full integration among
the units).

3.1. Nanodfiltration (NF)

The first technology of the proposed MLD process was Nanofiltration
(NF). Starting from a feed stream, the purpose of such pressure-driven
membrane-based process is to separate multivalent ions from mono-
valent ones, thus producing two outlet streams: (i) a permeate stream
rich in monovalent ions (i.e., Na*, K, Cl7) and (ii) a concentrate stream
rich in divalent ones (i.e., Mg?", Ca%*, SO37) [37]. Within the proposed
scheme, seawater was taken from a beach well, filtered by a multi-media
filter (MMF) for the removal of residual suspended solids and then sent
to a Double Pass Nanofiltration (DPNF) system comprising two passes:
NF1 and NF2. An image of the pilot plant and a process flow diagram are
illustrated in Fig. 2a) and b), respectively.

As can be observed in Fig. 2b), the filtered seawater was subjected to
(i) acid (HCI) dosing to decrease the pH and (ii) anti-scalant (AS) dosing
(Kurita Vitec 7000) to prevent inorganic scaling on the membrane sur-
face. The dose of the anti-scalant was 1.5 mg/L and 1 mg/L before NF1
and NF2, respectively. High-pressure pumps were used to create suffi-
cient pressure (up to a maximum of 40 bar) to permeate water through
the NF1 and NF2 membranes. The two passes of the DPNF system con-
tained 12 and 10 Synder NFX membranes (4040), with a total membrane
area of 97 and 81 m?, respectively. Once dosing occurred, seawater was
separated into the NF1 permeate and NF1 concentrate. The NF1
permeate was, in turn, separated into the NF2 permeate and NF2
concentrate. Whilst the NF2 permeate was considered as the final
permeate stream, sent to the downstream MED unit, the NF2 concen-
trate was recirculated back to NF1 and mixed with seawater to form the
NF1 feed. The NF1 retentate, conversely, was sent to the MF-PFR pilot in
order to be valorized.

Overall, the DPNF system treated a feed flow rate of 2.46 m>/h with a
total permeate recovery of 69 %. Hence, the NF2 permeate had a flow
rate of 1.70 m®/h, whereas the NF1 concentrate had a flow rate of 0.76
m®/h. Finally, to allow automatic and continuous operation and data
logging, the DPNF system was equipped with pressure transmitters, flow

Desalination 581 (2024) 117562

transmitters, electrical conductivity (EC) sensors, temperature sensors,
pH sensor and electrical valves.

To demonstrate the performance and stability of the DPNF plant, the
following performance parameters were determined and logged
throughout the operation:

e Permeate recovery Ry, (s, or ppnr) Of single pass (or DPNF plant), which
represents the quantity of permeate of the single pass (or NF2) pro-
duced with respect to the feed solution of the single pass (or global
feed solution), calculated according to Eq. (1):

QF-,(SV/J or NF2

) % 100 1)

R, (s or DPNF) =
Qf,(.v.p or DPNF)

where R, s, or ppnr) i the permeate recovery of the single pass (or DPNF
plant) [%], Q, (sp or nr2) is the permeate flow rate of the single pass (or
NF2) [m®/h] and Qs (sp or ppnr) is the feed flow rate of the single pass (or
the DPNF plant) [m3/hl].

e Ionic rejection r; s or ppnr) Of the single pass (or DPNF plant) calcu-
lated as the difference of ion concentration between the feed of the
single pass (or DPNF plant) and the permeate of the single pass (or
NF2) divided by the concentration of the ion in the feed solution of
the single pass (or DPNF plant) (see Eq. (2)).

Cif(s.p or bPNF) — Cip (s.p or DPNF

Ti\(s.p or DPNF) = P— ) % 100 (2)
i (sp or

where 1y (s, or ppnr) is the ionic rejection [%] of ion i concerning the single
pass (or DPNF plant), Ciy (s, or ppear) is the feed ion concentration of the
single pass (or DPNF plant) [mg/L] and Cjy, (s or ppnr) is the permeate ion
concentration of the single pass (or NF2) [mg/L].

e Membrane permeability K, computed as the permeate flow rate
divided by transmembrane area and transmembrane pressure (Eq.

(3)):

_ Qp.NFn /Am,NFn
- TMP

K 3
where K is the membrane permeability [L/mz/h/bar], Qpnin is the
permeate flow rate of NF1 or NF2 [m3/h], Am.nra is the membrane area
of NF1 or NF2 [m?] and TMP is the trans-membrane pressure of NF1 or
NF2 [bar].

3.2. Multiple Feed — Plug Flow Reactor (MF-PFR)

The first stage of the NF retentate valorisation line was the Multiple
Feed - Plug Flow Reactor (MF-PFR): a selective reactive crystallization
process to recover Magnesium and Calcium in the form of hydroxides via
the addition of an alkaline reactant (NaOH solution), at a controlled

NF FFED

HCII AS
DOSING DOSING
AS

Vr—
NF2
71 uNIT |
(]
NF

o

r RETENTATE

DOSING

Fig. 2,. a) Image of the NF pilot plant; b) Process flow diagram of the NF unit adopted.
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reaction pH. The pilot plant consisted of (i) a patented reactive crys-
tallizer [38,39], accompanied by (ii) a drum filter for the recovery of
solids and (iii) a neutralization step to neutralize the final clarified so-
lution, suitable for feeding the EDBM unit. An image of the pilot plant
and a schematic representation of the Mg and Ca recovery process is
shown in Fig. 3 a) and b), respectively.

The core of the pilot was the reactor, in which the feed solution
(DPNF retentate) was directly mixed with a NaOH solution via multiple
nozzles placed along the entire length of a cylindrical vessel, containing
the alkaline reactant. The position and orientation of the nozzles were
such that they promoted fast mixing of both reactants. Moreover, as
shown by the study previously conducted by Morgante et al. [40], a
recycling loop of the outlet slurry had to be adopted, allowing to achieve
a Magnesium Hydroxide (Mg(OH),) slurry, easy to settle and filter. Mg
(OH),, precipitation occurs at pH 10.6 whereas Calcium Hydroxide (Ca
(OH),) at pH 13. Therefore, it was essential to monitor the conductivity
of the feed solutions, the reaction pH and reactant solution flow rates via
sensors (KROHNE). To guarantee the operation at a specific pH value
(and therefore promote either Mg or Ca precipitation), the feed flow
rates were controlled via a PLC implemented in LabVIEW®
environment.

Following the precipitation of Mg(OH), (1° precipitation step), the
produced slurry was sent to a settling tank. The resulting clarified so-
lution was pumped to an inter-stage tank to be further treated by the MF-
PFR to recover Ca(OH), (2° precipitation step), whilst the concentrated
slurry was sent to the filtration step.

Following the second precipitation step, where Ca(OH); precipitated
at reaction pH of 13, the resulting slurry was sent to a different settling
tank. The concentrated slurry was pumped to the drum filter, whilst the
final clarified solution was treated in a neutralization step via HCl
dosing. The neutralized brine pH was monitored via an in-line pH-meter
(KROHNE, PH8320).

A semi-industrial scale drum filter was employed to recover mag-
nesium hydroxide and calcium hydroxide from their respective
concentrated slurries. Technical details of the filtration section have
been previously provided by Vassallo et al. [39].

To assess the production efficiency and the quality of products ach-
ieved by the MF-PFR unit, two performance indicators were taken into
consideration:

e Recovery, which indicates the total amount of magnesium (or cal-
cium) recovered with respect to the total amount of magnesium (or
calcium) present in the feed solution (calculated according to Eq.

(4).

R = 17 % 100 ©)
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where n is the molar flow-rate [mol/min], the apex ° refers to the inlet
molar flow rate, while the subscript j refers to a specific cation (i.e.
magnesium).

e Purity of solid, calculated as the amount of magnesium (or calcium),
with respect to the total amount of cations measured via Ionic
Chromatography (IC) or titration (see Eq. (5)).

Cuig>+ (or car*)
n

> G
i=1

PurityMgz_(w cat) = x 100 5)

where C; is the molar concentration [mol/L] of the it" ion.

3.3. ElectroDialysis with Bipolar Membranes (EDBM)

The neutralized effluent from the MF-PFR was eventually sent to the
Electrodialysis with bipolar membranes (EDBM) unit. EDBM is an
electro-membrane process, which allows the production of chemical
reagents, such as acid and base, starting from saline solution and elec-
trical energy [41,42]. This technology foresees the use of three types of
ion exchange membranes (IEXs) named cationic (CEM), anionic (AEM)
and bipolar membrane (BPM). In particular, the latter is composed of a
cationic and an anionic membrane, welded together. The sequence of a
CEM, an AEM and a BPM represents the repeating unit of this equip-
ment, also called triplet. Applying an electric field through the cell pack,
the cations migrate towards the cathode (the negative electrode) while
the anions migrate towards the anode (the positive cathode). Once
migrated, the cations encounter the hydroxyl ions (coming from the
BPMs) producing a base solution. As for the anions, the interaction with
protons (from BPMs) produces an acidic solution. In the pilot a large
scale EDBM stack was employed to produce specifically sodium hy-
droxide (NaOH) and hydrochloric acid (HCl). The pilot plant was
composed by two main parts: the EDBM stack and the pumping station
and measuring/control instruments, as can be observed in Fig. 4a).

The EDBM stack (FuMA-Tech GmbH, model: FT-ED1600-3) was
composed of 40 triplets divided into two parts of 20 triplets each

Fig. 4. a) Image of the EDBM pilot plant (pumping station and measuring/
control instruments on the left, DC drive and EDBM stack on the right); b)
Process flow diagram of the Feed&Bleed configuration adopted.
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Fig. 3. a) Image of the MF-PFR (left) and Drum filter (right) pilot plants; b) Process flow diagram of the Mg/Ca precipitation process implemented within the MF-PFR

pilot plant.
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reaching a total membrane area of 19.2 m?. The unit was provided with
the following ionic exchange membranes (IEXs): FUMASEP® FAB-PK
anion exchange membranes (PET reinforced with PK, 130 pm thick,),
FUMASEP® FKB cation exchange membranes (PK reinforced with PK,
130 pm thick), and FUMASEP® FBM bipolar membranes (composite
membrane reinforced with woven PEEK, c. 160 pm thick). The anode
and cathode were DSA and stainless steel, respectively. As far as the
hydraulic circuit is concerned, four lines were designed, one for each
electrolytic solution (see Fig. 4b)). Magnetic flowmeters, conductivity
meters, pH meters and pressure transducers were installed to monitor
the main variables involved in the process. To control the latter and for
data acquisition purposes, National Instrument® hardware and Lab-
VIEW software were used. Further technical details on the EDBM pilot
plant design and construction are reported in [43].

The EDBM unit operated in a continuous mode adopting a Feed&-
Bleed configuration (as depicted in Fig. 4b)). This allowed to achieve
different product targets varying the outlet flowrate of acid and base
streams, thus satisfying several concentration requirements.

To analyze the performance of the EDBM unit, two main indicators
were employed:

e Current efficiency (CE, %), which accounts for the amount of electric
charges introduced into the system successfully converted into the
production of protons or hydroxide ions (calculated according to Eq.

(6)):

_ Qp,ma (Cp.aut - Cp.in)F

CE
60N, i A,

x 100 (6)

Where Qo is the outlet flowrate of product [L/min], Cp o and Gy, are
the outlet and the inlet product concentration [mol/L], respectively, F is
Faraday's constant (i.e., 96,485C/mol), Ny, is the triplet number, A, is
the membrane active area [mz] and i [A/mz] is the electric current
density provided to the stack.

e Specific Energy Consumption (SEC) [kWh/kg], which is the energy
consumed to produce 1 kg of the desired product (calculated ac-
cording to Eq. (7)):

UiA,

SEC = 7)
60 Qp.uul (Cp.(ml - C]J.in) Mp

Where U is the electric potential (V) applied to the stack, and M, is the
molecular weight of the desired product [g/mol].

3.4. Multi-Effect Distillation (MED)

As for the NF permeate valorisation chain, the first step consisted in a
Multi-Effect Distillation (MED) unit. MED is a thermal-based process
exploiting a heat source to produce high quality water by evaporating
saline solutions (i.e., seawater) [44,45]. Such process takes place inside
evaporative chambers called effects, each one presenting a heat transfer
surface across which heat is exchanged between the raw water and a
condensing steam. The primary steam comes from a hot source at a
temperature typically below 100 °C under saturation conditions. Whilst
condensing, it releases its latent heat promoting the evaporation of the
raw water. Such condensation-evaporation process is maintained effect-
by-effect due to a different saturation condition of the two streams
guaranteed by the presence of a vacuum system (i.e., vacuum pumps or
steam ejectors) and a decreasing pressure profile along the effects. Two
streams are generated from the initial raw water: (i) vapour (secondary
steam) and (ii) concentrated water (brine). The produced steam acts as
the “hot source” for the following evaporation effect to then be
condensed by exchanging heat with raw water at a lower temperature
(and pressure). As for the brine, this also flows to the next effect, joining
the newly produced brine. The same process is repeated along all the
effects of the evaporator. Operating in such manner, the thermal energy
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recovery of the unit is maximized. The vapour generated in the last effect
is condensed in a final condenser, where all distillate streams are merged
into a single stream. Also the several concentrated brine streams pro-
duced in each effect are merged into a single stream to be generally
discharged.

Within the process scheme, the MED pilot unit was operated feeding
the NF permeate, producing (i) high quality water and (ii) ultra-
concentrated brine, which was directed to the solar evaporating ponds
for NaCl recovery. A picture of the installed MED plant and the process
flow diagram of the pilot unit can be observed in Fig. 5a) and b).

More specifically, the pilot installed in Lampedusa consisted of:

(i) A heat input section (steam generation section), arranged as a
closed loop circuit of demineralized water to produce “primary
steam”. Via a heat exchanger, “waste” heat was recovered from
the cooling circuit of the power plant and transferred to a sec-
ondary stream of demineralized water. This stream was conveyed
into a drum where the vapour was produced by flash;

(ii) A heat recovery section (MED evaporator), where the heat input
was provided by the heat exchange in every effect, producing
distilled water;

(iii) A heat reject section (final condenser), where the thermal energy
was finally released at lower temperature (condenser) to a cool-
ing water circuit, thus closing the heat balance;

(iv) Auxiliary systems (vacuum generation unit and chemicals dosing
unit).

The following operating/performance parameters were used in order
to assess the system behavior:

e Concentration Factor (CF): indicating the molar concentration of
sodium chloride (equivalent) in the outlet brine divided by the
concentration in the inlet one.

Chact.outbrine
CF = NaCl,out,b (8)

CNaCl.in.brine

Where Cyqcioutbrine 1S the brine outlet molar concentration of NaCl [mol/
L] and Cpqclin brine i the brine inlet molar concentration of NaCl [mol/L].

e “Specific Electric Energy Consumption” (SEEC): expressing the
electrical energy consumption per cubic meter of produced distilled
water, computed as the ratio between the electrical energy and the
total amount of distilled water:

Power,,

SEEC = (C)]

Myis

e Gain Output Ratio (GOR): indicating the conversion of primary
vapour into distillate water. It is computed as the ratio between the
mass flowrate of produced distillate mg;, [kg/h] and mass flowrate of
the produced primary vapour mge.m [kg/hl:

Myist

GORgmss = (1 0)

m:tmm
3.5. Evaporative ponds (EPs)

At the end of the treatment chain, Evaporative Ponds (EPs) were built
to recover pure Sodium Chloride (NaCl), mimicking the conventional
process of natural saltworks, producing table-salt by fractional precipi-
tation in several shallow basins. An image of the ponds along with a
schematic diagram are shown in Fig. 6a) and b), respectively. They were
built using wood planks for the border and a cloth in PVC covering a
layer of sand placed on the concrete platform. A depth of 10 cm was
adopted as computed during the design phase.

In detail, Pond A, divided into four smaller ponds, was designed as
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Fig. 6. a) Image of Evaporation Ponds; b) Footprint of the evaporation ponds employed.

the “hot” pond where the outlet solution exiting the MED unit was
collected. In this pond, the NaCl concentration increased up to the
saturation point of NaCl. Pond B, divided into six smaller ponds, rep-
resents the “crystallizing” pond where the NaCl solid crystals precipi-
tated. Finally, Pond C, divided into two smaller ones, allowed to collect
the exhausted solution, i.e. the final exhausted bittern. For the design of
the ponds and the choice of the inlet/outlet brine flow rates, (i) the
Penman equation was used to estimate the evaporation rate [46] and (ii)
PHREEQC software using the Pitzer thermodynamic package was
employed to simulate the salt precipitation [47].

In detail, the evaporation rate E (mm/day) was estimated on the
basis of a value of the net solar radiation calculated by a correlation
developed by ENEA, the Italian “National Agency for New Technologies,
Energy and Sustainable Economic Development” [48]. A value of 25
MJ/m?/day was assumed for May, considering the geographical co-
ordinates of Lampedusa. The other parameters were assumed as the
following: wind speed 5 m/s, humidity 77 % and temperature 19.7 °C.

The results of the design are shown in Table 2, where the

Table 2
Inlet mean ions composition in the ponds.
Inlet Composition [g/L] Flow rate,;y
L/h
Na® K*' Ca2t  Mg** CI- TDS NaCl (L/h)
P":d 69.5 2102 013 013 125 197 177 180
P‘gld 123 355 024 024 194 321 311 147
P°gd 101 459 307 307 211 367 253 117

composition and flow rates from/to each pond are listed. Of course,
values for the outlet of pond A are the inlet for pond B and the same
applies for the outlet from pond B and the inlet for pond C.

The purity of NaCl was calculated as the amount of sodium (as so-
dium chloride) with respect to the total amount of salts in the samples.
All the species present in the samples were detected via Ionic Chroma-
tography (IC) analysis. The purity was calculated according to the
following equation:

M,
Purityy,e = —Cal 5 100 an
Msalt
where Myqc,, is the measured mass of NaCl in the solid sample and M,

is the total salt mass.
3.6. Operating conditions and analytical procedure

The technologies comprising the proposed MLD process scheme
functioned according to the operating conditions reported in Table 3
(main flow rates) and Table 4 (inlet composition), including specific
parameters of each technology. As it is possible to observe from Table 2,
the recovery of NF1 and NF2 was fixed at 71 % and 92 %, respectively, in
order to reach a permeate flow rate equal to 1.70 m®/h and a retentate
flow rate equal to 0.76 m>/h. The NF plant typically operated for 8 h per
day and daily samples of the feed, NF1 retentate and NF2 permeate were
collected. As far as the MF-PFR is concerned, the pilot unit presented a
much smaller scale than the NF, as can be noted by its flow rates re-
ported in Table 2. Furthermore, employing a 1 mol/L NaOH solution
received from the EDBM unit, it was necessary to adopt a NaOH flow
rate of 0.85 L/min and 1 L/min for the 1° and 2° precipitation steps,
respectively, in order to reach a pH = 10.6 for Mg(OH), precipitation
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Table 3
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Main flow rates and specific operating parameters of each technology comprising the proposed MLD process.

Technology Stream Flow rate Additional specific parameters
Feed 2.46 m®/h NF1 recovery =71 %
NF Permeate 1.7 m*/h NF2 recovery = 92 %
Retentate 0.76 m®/h
1° Brine 2.5 L/min 1° step pH = 10.6
1° Alkaline 0.85 L/min 2° step pH =13
MF-PFR 2° Brine 1.5 L/min Cnaon (1° step) = 1 mol/L
2° Alkaline 1 L/min Cnaon (2° step) = 1 mol/L
Total Capacity Mg(OH), = 14.4 ton/y
Salt 1.8 L/min Current density = 400 A/m?>
Acid 1.35 L/min Voltage = 55V
EDBM Base 1.1 L/min Cgrs = 0.25 mol/L
ERS 20 L/min H,0 employed as feed for acid and base channels
Total Capacity NaOH = 21.23 ton/y
Total Capacity HCl = 15-16 ton/y
Feed 1.75 m%/h Pressure condenser = 70 mbar
Distillate 1.5-1.6 m>/h Heat source T* = 80 °C
MED Rec. Brine 6.5 m%/h Cooling water T = 20 °C
Cooling water 20 m®/h
Brine 0.2-0.3 m*/h
EPs Feed 180 L/h -

" The heat source supplied into MED was cooling water coming from a diesel engine used as a power generator.

and pH = 13 for Ca(OH); precipitation. The MF-PFR also operated for 8
h per day for the 1st step (whereas 5 h per day for the 2nd step) and
samples of the Mg(OH), and Ca(OH), slurry were collected. As for the
operation of the EDBM, the scale of the pilot was similar to that of the
MEF-PFR. A current density of 400 A/m? was adopted with an applied
voltage equal to 55 V to guarantee a sufficient production rate of the
alkaline stream. Moreover, a 0.25 mol/L NaySO4 solution was used as
the ERS solution for the electrodes of the EDBM stack. The acid and base
compartments were fed with a permeate from a Seawater Reverse
Osmosis (conductivity of 400 uS/cm) operating within the power station
of the island to produce industrial water. During the 5 h operation per
day, samples of the acid and base solutions were collected typically once
or twice.

The operation of the MED pilot plant was conducted similarly to the
other plants, although its operation also depended on several parameters
concerning the availability and temperature of its utilities (mainly the
hot water coming from the cooling circuit of a diesel engine).

The pressure in the condenser, which determines the operating
pressure in the distillation effects, was typically fixed at 70 mbar. The
(estimated, not measured) hot water flow rate was 25 m°/h and this was
generally available at an average temperature of 80 °C with fluctuations
of £5 °C.

The cooling water used as the cold utility was available at an average
temperature of 25 °C. In this case, however, the thermal power sub-
tracted from the condenser was variable by varying the input flow and
was used to adjust the final condenser pressure. Samples of produced
distillate and brine were taken during the 4 operating hours per day of
the MED unit to be subsequently analyzed.

Finally, the brine recirculation flow rate was fixed at a value of 6.5
m3/h, to (i) ensure effective wettability of the tube bundle even at low
feed flow rates and (ii) guarantee an adequate residence time inside the

Table 4
Inlet composition of each technology comprising the proposed MLD process.

MED, greatly concentrating the brine.

For the evaporation ponds, the feed flow rate was nominally fixed to
180 L/h, operating in semi-batch. The crystallized product was collected
for purity analyses.

Concerning the analysis of all the aqueous samples:

e the concentration of Na*, K, Ca?*, Mg?" and SO~ were measured
by Inductively coupled plasma-optical emission spectrometry (ICP-
OES) or Ion Chromatography analysis (Metrohm 882 Compact Ion
Chromatography);

e the CI™ concentration was measured by discrete Skalar analyses

e the HCO3 concentration was measured via titration.

As for the determination of the purity of the recovered solids, a
precise procedure was adopted. The wet solid was filtered and washed
with demineralized water (for Mg(OH), and Ca(OH),) or with a satu-
rated NaCl solution (for NaCl). Then, a weighed quantity was dried in an
oven at 120 °C for 24 h and, after cooling to room temperature, the
detection of the weight was repeated to estimate the initial humidity
content. To analyze the concentration of anions and cations in the solid,
the dried sample was dissolved in deionized water and analyzed by Ionic
Chromatography (IC) via a Metrohm 882 Compact IC equipped with the
anion-exchange Metrosep® A Supp 5 and a cation-exchange Metrosep®
C4 columns. The mobile phase for the anions detection was a solution of
NayCO3 3.2 mM and NaHCO3 1 mM fluxed at 0.7 mL/min, whereas the
one for cations was a 5.5 mmol/L H3PO4 solution.

3.7. Circularity assessment

After the assessment of the technical feasibility and stability of the
system, it was essential to identify circular opportunities and linear risks

Technology Inlet Composition

[mg/L]

Na' K' Ca?* Mg* cl S0% HCO3
NF 12,960 438 425 1300 21,090 3230 183
MF-PFR 15,590 669 1400 4650 30,565 10,460 315
EDBM 17,000 303 - - 19,600 5010 2730
MED 11,100 423 15 12 17,143 5 79
EPs 69,510 2102 219 94 110,126 0 -
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to enhance durability and resilience. For this purpose, the following
indicators were formulated. To assess the circularity of the system, first,
it was necessary to indicate the waste reduction achieved in the system
due to the circularity measures. In this work, the brine reduction of the
proposed circular system compared to the linear RO desalination plant
was measured. The Total Waste Reduction (TWP) [49] was estimated
according to the following equation:

h

Volume of SWRO brine (non circular) {"i} — Volume of brine from a circular system {"ﬂ
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chain. Furthermore, to demonstrate the robustness of the proposed
treatment chain in achieving products with constant specific charac-
teristics, the stability of the main operating parameters of each tech-
nology was investigated during their daily operational run. It is worth
mentioning that each unit was operated for a different amount of hours,
due to the different nominal capacity of each of the pilot units, which in
fact required the installation of buffer tanks in order to interconnect the

TWP =
Volume of SWRO brine (non circular) {%}

Where the volume of SWRO brine (non-circular) was estimated
based on 40 % efficiency assumption for the RO plant. The volume of
brine from the circular system was considered to be the outlet salt
stream from the EDBM unit.

Resource efficiency (RE) [50] showed the efficiency of recovery of
valuable products from seawater in the context of circular economy. RE
was defined as the ratio of useful material output and input and was
estimated according to the following equation:

Mass ofuseful materials output {%}
x 100

RE = (13)

Mass ofuseful materials input {%’}

Since the capacity of each unit was different, the RE was assessed for
each product based on the capacity of the required technology.

Regarding the circularity of resources, the required chemicals and
water were produced internally from seawater brine. Circular Chemical
Inflow (CCI) [51] assessed the circularity of chemicals used in the pro-
cess, specifically HCl and NaOH. CCI was estimated according to the
following equation:

Volume of chemical inflow fromnon circular sources {”ﬂ
CCl=1—- %100

Totalvolume of chemical inflow (circular and non circular) mf
(14)

Where the volume of chemical inflow from circular and non-circular
sources referred to HCl and NaOH that were used in MF-PFR unit.

Finally, the proposed system aimed at low-energy consumption due
to waste heat utilization. Waste heat was used to provide the thermal
energy requirements in the MED unit and solar energy to recover NaCl
salt from the evaporation ponds. Therefore, it was important to measure
the energy self-sufficiency of the system. The Energy Self-Sufficiency
(ESS) [51] was estimated according to the following equation:

Sustainable Energy in kWh produced and utilised on site

ESS = x 100

Total energy demand of the system [kWh]
(15)

Where thermal energy requirements were translated to electricity
requirements assuming that the efficiency of the diesel engine was 30 %
based on the fuel.

4. Results and discussion

The overall technical feasibility of the proposed pilot scale MLD
chain was evaluated via (i) the analysis of the collected samples of each
recovered product and (ii) the calculation of specific performance in-
dicators, previously mentioned for each pilot plant comprising the

10

x 100 12)

different units and fully operate the integrated chain. Finally, results of
the integration and circularity assessment were reported.

4.1. DPNF pre-treatment stage performances

It is widely known in literature that the performances of the pre-
treatment step (in our case, the DPNF) of any seawater/brine mining
scheme are crucial to the overall performance of the entire process [12],
due to its ability of producing water streams with suitable features to be
further processed (selectively rich in monovalent or bivalent ions, in our
case). A subsequent advantage of such ability would be to successfully
recover resources with high purity (and recovery) via downstream
crystallization steps. Thus, it was necessary to investigate the DPNF
capacity of selectively separating ions. As can be observed in Fig. 7,
results showed that the DPNF process allowed >97 % rejection of the
multivalent ions. More specifically, 97 %, 99 % and 100 % were the
rejection values achieved for Ca?*, Mg?* and SO%~, respectively. In
contrast to the high multivalent ion rejection, the monovalent ions Na™,
Kt and CI~ were only limitedly rejected: 14 %, 3 % and 19 %, respec-
tively. Based on the results, the DPNF process proved to be effective in
separating monovalent and multivalent ions, originally present in
seawater.
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Fig. 7. The ions rejections of the DPNF process (average values are presented,
whereas the error bars show the deviation for the minimum and maximum
values, considering two measurements).



C. Morgante et al.

Desalination 581 (2024) 117562

a) 100 b)100 T )
T —1.00 |
— = e
32 80 wn 80 —
-";- ‘:‘5 I go.so L
Ep g . : I
0 2 Soe60
- IS [90-100% 2
] ©
£, : ) fon
- - -
= 50-80% g 70-80% g
a 20 8 20 50.20 L
0 o
o
1] 0 0.00

Mg(OH), Ca(OH), Nacl

Mg(OH), Ca(OH),

NaCl  H,0

Fig. 8. a) Purity of recovered solids; b) Recovery of solids and H,O (MED distillate); ¢) Concentration of chemicals produced by the EDBM unit. The average value is
reported, with error bars indicating the variability of each parameter along the pilot experimental campaign. Concentration of the chemical was computed by acid-

base titration.

4.2. Purity and recovery of products/chemicals

The brine valorisation lines, treating the DPNF retentate and the
MED brine produce a number of products, starting from Mg(OH), and a
Ca(OH),; and Mg(OH), mixture (in the second precipitation step),
passing through the chemicals generated in the EDBM up to the high
purity NaCl crystallized in the evaporative ponds. Purities of such
products changed depending on the tested operating conditions, but
Fig. 8a) reports the purity of all the recovered solids as an average of
measured purities during the experimental assessment of each single
technology. On the other side, Fig. 8 b) and c) report the recovery of
each product and the concentration of the acid/alkaline streams pro-
duced, respectively. It is worth mentioning that such values changed
with variable operating conditions during the experimental campaign,
for each experiment a couple of samples were taken when the stationary
condition was achieved. Thus, an average value is reported with error
bars indicating the variability of each parameter.

Results of the analyses of the products showed that the MF-PFR was
able to produce Mg(OH), with an average purity around 94 %. As
described in two previous works by Vassallo et al. [39,52], the purity of
magnesium hydroxide was affected by the presence of carbonate/bi-
carbonate in the feed, causing the co-precipitation of calcium as calcium
carbonate, which was the most insoluble species at the operating con-
ditions of the MF-PFR (pH about 10.6 and 20-25 °C). In addition, the
recovery of such hydroxide during the 1st precipitation step was high,
reaching values >90 %. Attempts to increase the recovery can be made
by increasing the outlet pH via the increase of the alkaline flow rate.

As for the 2nd precipitation step, aiming at the removal of all biva-
lent cations (magnesium and calcium), the IC analysis of the solid
showed that the purity of Ca(OH), was in average >60 %. The purity
was affected by the co-precipitation of magnesium in the form of hy-
droxide caused by the incomplete removal of magnesium during the 1st
step of precipitation. Calcium removal efficiency was about 70-80 %,
while magnesium was totally precipitated, due to the high pH reached
(about 13).

Excellent results were also obtained for the NaCl produced via
evaporation ponds. NaCl purity >99 % was achieved, well above the
minimum required purity limit for food applications (97 %) [53]. Its

Table 5
Energy performances of the pilot plants.
Technology kw Specific Energetic indicators
NF 5.7 N
MEF-PFR 1.94
CEyq [%] 50-70
CEnaon [%] 65-85
EDBM 8.78 SECuc [kWh/kg] 3.0-4.0
SECnaon [kWh/kg] 2.0-3.0
MED 6.94 SEEC [kWh/m®] 5.0-6.0
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recovery was above 95 %, as can be observed in Fig. 8 b).

In particular, four samples were withdrawn from four of the sub-
ponds obtaining an average value for the NaCl purity of 99.1 % ob-
tained via IC.

High freshwater recovery was also achieved by the MED unit,
reaching values up to 85 % (considering the single MED unit, which
achieved concentration factors in the brine up to 7).

Finally, Fig. 8 c) highlights how the EDBM reached its target by
producing (i) 1 M NaOH solution, used as the alkaline reactant for the
MEF-PFR, and (ii) 0.65 M HCI solution, sufficient for neutralization and
cleaning purposes.

4.3. Energy performances of pilot units

Table 5 reports the energy consumption of each pilot plant, alongside
the results of the specific energy performance indicators for the EDBM
unit. As can be observed in Table 5, NF consumed 5.7 kW taking into
account the energy consumed by the two high pressure pumps, the
booster pump and the circulation pumps for the MMF and the outlet
streams (NF permeate and retentate). 1.94 kW was calculated for the
MF-PFR including the use of the drum filter. It is to be noted that of 1.94
kW, 0.98 was consumed by the main electrically-driven parts of the
reactor (pumps), assuming that the auxiliaries (sensors and controllers)
power consumption was 20 % of the total consumption of major items.
On the other side, the remaining 0.96 kW of the drum filter were esti-
mated considering (i) a utilization factor of 10 % and (ii) an auxiliaries
power consumption equal to 20 % of the total consumption of the filter.

As regards the electrical energy consumption of the MED plant,
15.14 kW were consumed. However, it is worth mentioning that only
3.34 kW was really necessary for the operation of the plant, taking into
account the energy consumed by (i) the circulation pumps of distillate
and brine and (ii) the recycling pump of the brine stream. >50 % of the
required power (8.2 kW) is used in the primary steam production from
the waste heat produced by power plant.

The remaining 3.6 kW relates to the vacuum generator, that was an
oversized liquid ring vacuum pump (chosen to speed up the start-up of
the plant). As a matter of fact, it is to be noted that the liquid ring
vacuum pump could have been substituted, for example, by a steam
driven vacuum system, where the required steam could be potentially
produced by recovering waste heat from the stack of the power plant.

As regards the specific electrical energy consumption (SEEC) of the
MED pilot plant, the obtained SEEC value was, neglecting the primary
steam production, in the range of 5-6 kWh/m>. These values are
consistent with other pilot plants with only 2 effects reported in litera-
ture [54,55]. However, lower values are possible for optimized indus-
trial scale plants and are much closer to 2-3 kWh/m? (typical value for
water production by seawater desalination), when proper pumps size
and optimized configuration are possible.

As far as the EDBM is concerned, an energy consumption of 8.78 kW
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Table 6
Specific performances of the MED pilot plant.

MED specific performance indicators

Gross GOR [—]
CF [-]

1.5-2.0
4.0-8.0

was registered for the EDBM unit. More specifically, such value was
predominately related to the DC drive for the generation of the electric
field in the EDBM stack, while a small portion of the power was required
by circulation pumps (about 25 % of the total). Also in this case, the
auxiliaries power consumption was assumed to be 20 % of the total
energy consumed for the EDBM unit. Furthermore, the performance of
the EDBM system could be evaluated in terms of current efficiency and
specific energy consumption. Acid and base were produced with a cur-
rent efficiency ranging between 50 and 70 % and 65-85 %, respectively.
The lower current efficiency of the acid stream was due to the diffusion
of the protons through the AEM towards the salt compartment. Due to
this phenomenon, an acidified salt solution at the stack outlet was
produced. A Specific energy consumption in the range of 3-4 and 2-3
kWh/kg was obtained for acid and base, respectively. The higher SEC of
the acid was related to the lower CE recorded for this solution.

The obtained values of SEC were compared with values published in
literature [56,57] for similar concentrations of chemicals. In the present
case the salt solution has a significant lower concentration compared to
those employed in previous studies (at least 1 M of NaCl).
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4.4. Specific performances of the MED unit

To assess the performances of the MED pilot plant, further specific
parameters were evaluated: (i) the concentration factor of NaCl and (ii)
the GORgross- As it is possible to observe in Table 6, the concentration
factor of NaCl reached a maximum value of 8. It is intended to specify
that this result was obtained by producing a distillate with a conduc-
tivity lower than 30 pS/cm and without any scaling problems in the
effects. As regards the GORgyss, its value is linked to the number of ef-
fects of the MED unit. More precisely, as the number of effects increases,
the amount of produced distillate increases, still relying on the single
inlet steam at the first effect. In this specific case, the MED unit has 2
evaporative effects and the average GORgross value was comprised be-
tween 1.5 and 2.

4.5. Stability of pilot plants

As previously mentioned, the following paragraphs report the sta-
bility assessment of the main operating parameters of each technology
during their daily operational run.

Moreover, the total amount of working hours for each technology of
the treatment chain is reported as follows:

e Nano Filtration, total working hours 670;

e Multiple Feed Plug Flow Reactor, total working hours 480;

e Multi Effect Distillation, total working hours 70;

e Electro Dialysis with Bipolar Membrane, total working hours 880;
e Evaporative ponds, total working hours 5090.
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Fig. 9. a)The temperature of the feed streams, b) the permeate recovery, c) the electrical conductivity of NF1 and NF2 permeates, d) the membrane permeability of

NF1, NF2 and/or the overall DPNF process, throughout the operation.
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4.5.1. NF

To guarantee uniform feed conditions for the downstream units of
the demo plant, the operational stability of the NF plant was assessed,
monitoring the trend of four main parameters: Feed temperature (Fig. 9
a), NF pass recovery (Fig. 9 b), EC rejection (Fig. 9 ¢) and NF membrane
permeability (Fig. 9 d). According to Fig. 9 a), the temperature of the
seawater increased moderately throughout the operational run (8 h/
day). Nevertheless, the feed seawater conductivity was stable over time
and presented an EC of 52 mS cm ™. As far as the recovery of NF1 and
NF2 are concerned, they were kept constant by the DPNF system at 71 %
and 92 %, respectively, as can be seen in Fig. 9 b). Further demonstra-
tion of the stability of the NF process over time can be observed by the
electrical conductivity EC for the NF1 permeate and NF2 permeate (see
Fig. 9¢). More specifically, whilst the EC of NF1 permeate was 45.3 mS/
cm over the entire operational run, the EC of NF2 permeate reached a
lower value of 41.6 mS/cm. Such difference was due to the lower feed
concentration of NF2.

As for the membrane permeability of NF1 and NF2, a trend some-
what similar to that of the feed temperature was observed in Fig. 9 d).
When the temperature increased, the membranes were more permeable
and less pressure was required to produce a fixed amount of permeate.
Hence, the membrane permeability increased when the temperature of
the seawater increased (during the day). Furthermore, the membrane
permeability of NF2 was higher than the membrane permeability of
NF1. The difference in membrane permeability was related to the
amount of ions that were rejected by the membranes in the two passes.
When compared to NF2, NF1 rejected ions from a stream that had a
higher multivalent ion concentration, experiencing a higher osmotic
pressure difference between the feed/concentrate and permeate side of
the membranes. Therefore, to overcome the respective osmotic pressure
difference to produce permeate, a higher applied pressure was neces-
sary. All in all, the DPNF operated stably, based on the steady trend of
the permeate recovery throughout the operation.

4.5.2. MF-PFR

As mentioned in Section 3.2, the MF-PFR operated in two consecu-
tive precipitation steps for Mg(OH), and Ca(OH), recovery, respec-
tively. During the operation of each step (8 h/day for the 1st step and 5
h/day for the 2nd step), relevant operative parameters (pH and brine
and alkaline flow rates) were recorded and plotted against time in order
to assess the stability of the system. To be noted that the stability of pH
and flow rates would consequently provide a constant recovery and
purity of the hydroxides.

Fig. 10 reports the variation of such parameters in time for the
magnesium precipitation step (Fig. 10 a) and for the calcium precipi-
tation step (Fig. 10 b). As illustrated in Fig. 10 a) and b), the outlet re-
action pH and brine flow-rate, in both precipitation steps, were stable
during the experiments. Stability could have been compromised by
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pressure drops caused by nozzle scaling or slight variation in the mag-
nesium (or calcium) content of the inlet brine. It is the latter that ex-
plains the slight increase of the alkaline flow rate in time. However, the
implemented control system was appropriately developed to minimize
these disturbance effects and successfully accomplished such task.

4.5.3. EDBM

To ensure (i) the continuous supply of a target 1 M NaOH solution to
the MF-PFR and (ii) the production of a HCI solution (with a concen-
tration varying in a narrow range), it was also crucial to investigate the
stability of the EDBM pilot plant. The main parameters that were
assessed in time were: (i) the concentration of HCl and NaOH (Fig. 11 a),
(ii) the required applied voltage of the pilot system (Fig. 11 b), (iii) the
calculated specific energy consumption referred to HCl and NaOH
(Fig. 11 c¢) and (iv) the current efficiency of the system referred to HCl
and NaOH (Fig. 11 d). As can be observed in Fig. 11 a), the concentration
of NaOH and HCI were maintained constant at 1 mol/L and 0.65 mol/L,
respectively. Stability was guaranteed thanks to the advanced controlled
system implemented [43]. Furthermore, the reason of the lower HCL
concentration was most likely due to (i) the phenomenon of diffusion
and loss of proton ions into the salt and alkaline compartments and (ii)
the slight increase in outlet acid solution flowrate due to osmotic and
electroosmotic water flux [41]. The resulting voltage of the EDBM stack
fluctuated with small deviations around 55 V, as illustrated in Fig. 11 b).
Finally, as a consequence of the stable behavior of the system, the sta-
bility of the calculated SEC and CE was guaranteed during the opera-
tional run (see Fig. 11 ¢ and d).

4.5.4. MED

To assess the potential for fresh water production and recovery of
NaCl, which is eventually collected in the downstream evaporation
ponds, it was also important to evaluate the operational stability of the
MED pilot plant. To such end, the trend of the operating temperature
and pressure of the 1st effect were monitored during an operational run
of 4 h. As can be observed in Fig. 12 a), after the first hour of start-up
phase of the plant, both the pressure and temperature were fairly con-
stant around a value of 50 °C and 0.1 bar, respectively. This result was of
significant importance since the MED pilot operated, exploiting waste
heat from the diesel engines of the local Lampedusa Power Plant, which
is often characterized by slight and unpredictable variations of its
available temperature. As far as the quality of the two outlet streams is
concerned, the brine and distillate conductivity were monitored during
a daily operational run, maintaining constant values around 195 mS
cm ! and 20 pS cm ™, respectively (see Fig. 12 b). Thus, two main goals
were successfully achieved: (i) high quality water production and (ii)
maximized NaCl recovery.

b) 5 14
4 5 ;:;ﬁ‘:\;’:\\;‘:wm“"‘“““"m"“;’:?‘“_'“"’/\“’
12
a
- 10
c 35
£ 3 r 8 -
-
= 25 } T
L 2t 6
©
1.5 emunuinreesnupionstiendintuentieg
2 e
o 1 1 2
W 05 |BrineM rate NaOH flow rate  pH outletl
0 . : : : 0
0 1 2 3 a4

Time [h]

Fig. 10. Variation of pH and both flow rates during the operational run of a) the first precipitation step for Mg(OH), production and b) the second precipitation step

for Ca(OH), production.
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4.6. Integration and circularity assessment

The integration and circularity assessment of the pilot plant provides
invaluable insights for guiding future decisions and strategies. In this
assessment, a full integration of the units was assumed. This meant that
the capacity of the five different technologies perfectly match each
other, eliminating discharge issues experienced in real pilot units due to
practical constraints within the project.

Fig. 13 presents a detailed mass balance of the full integrated system

14

in a Sankey diagram. The Sankey diagram prominently illustrates the
efficient recovery of valuable resources within the fully integrated sys-
tem. For instance, it reveals a closed-loop system where chemicals, such
as NaOH and HCI, can be recirculated within the system (in MF-PFR) for
the precipitation of Mg(OH), and Ca(OH),. Fig. 13 provides clear evi-
dence of significant waste reduction compared to linear desalination
systems. In the fully integrated system, waste streams are minimized,
and many materials are efficiently recycled and repurposed, as
demonstrated by the loops and connections in the diagram.
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Fig. 13. Mass balance [kg/h] of a fully integrated system. The recovered chemicals, NaOH and HCl, are recirculated in the system (MF-PFR). Saline effluent from the

EDBM can be recycled back to the system (MED).

Table 7

Circularity assessment results.
Indicator Percentage
Total brine reduction (TBR) 92.7 %
Resource Efficiency (RE)
Water 79.7 %
Mg(OH), 90-100 %
Ca(OH), 50-80 %
NaCl >95 %
HCl 90-95 %
NaOH 90-95 %
Circular Chemical Inflow (CCI) 100 %
Energy Self-Sufficiency (ESS) 85.4 %

Table 7 summarizes the integration and circularity assessment re-
sults. The analysis indicated a remarkable total brine reduction of 92.7
%. This substantial reduction in brine waste, compared to conventional
linear desalination methods, was a significant achievement. It under-
scored the potential for environmental improvement, demonstrating
effective resource recovery from seawater brine.

In assessing RE, the results revealed a notably high recovery of all
valuable materials that would be discharged back to the environment in
linear systems. A particular remark for the recovery of water, which
indicates the system's advantage in terms of water availability when
compared to linear systems. This underscored the potential for more
sustainable resource management, as the pilot plant system excelled in
efficiently recovering valuable materials and reducing waste compared
to conventional linear processes.

The circularity assessment also revealed a CCI of 100 %. This meant
that all chemicals, such as HCI and NaOH, required for the process were
internally produced from seawater brine. This result was a noteworthy
step towards (i) reducing reliance on external sources and (ii) securing
the supply chain for critical materials like magnesium.

The high energy requirements of the system represented a challenge.
However, there were opportunities for mitigating this risk. Integrating
the power station with the desalination plant could enhance the water-
energy nexus, potentially reducing energy consumption and costs.
Additionally, the energy gain from utilizing waste heat to meet thermal
energy requirements could significantly boost the system's overall en-
ergy self-sufficiency.

Circular economy is not the responsibility of a single player. This
means that a multitude of stakeholders are involved in ensuring a
continuous material stream that flows back into the value chain.
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This work can serve as a starting point for cross-value-chain con-
versations, particularly in the context of seawater mining. Engaging
with various stakeholders, including suppliers, manufacturers, and
policymakers, is essential for realizing the full potential of circularity in
resource management.

Overall, the impact of the results is evident in the practical ad-
vancements achieved, from substantial waste reduction to the estab-
lishment of a ZLD system and the potential for marketable salt and
chemical production from integrated desalination and brine treatment
plants. These findings not only contribute to the scientific understanding
of integrated desalination systems but also pave the way for trans-
formative changes in environmental sustainability.

Regarding the environmental aspect, the proposed system signifi-
cantly reduces the environmental impact on the marine ecosystem
compared to conventional desalination due to the brine discharge
elimination. Additionally, the achieved high energy self-sufficiency
holds promise as a potential solution for energy-scarce regions, such
as Lampedusa.

Therefore, this work stands as a catalyst for progressive change,
providing a foundation for future discussions and actions in resource
management.

5. Conclusions

Within the context of sustainable minerals production, the scientific
community has recently focused much attention on the proposal of
MLD/ZLD schemes treating seawater/brine, as a solution to both (a)
land mining depletion and (b) the negative environmental impact of
seawater desalination processes. However, many suggested schemes are
still limited to concept proposals or lab-scale implementation. For the
first time in literature, this work presents the results of a large-scale
demonstrative plant for seawater valorisation (feed capacity of 2.46
m®/h), capable of recovering several valuable resources and exploiting
waste heat from the cooling circuits of diesel engine of a small island
(Lampedusa) Power Plant. The seawater treatment chain comprised 5
different technologies: (i) Nanofiltration, (ii) Multiple Feed — Plug Flow
Reactor, (iii) ElectroDialysis with Bipolar Membranes, (iv) Multi-Effect
Distillation and (v) Evaporation Ponds. Results showed that:

(i) High rejection of bivalent ions, such as magnesium, calcium and
sulphate was obtained by the NF unit, highlighting the capability
of the unit to produce a retentate very rich in magnesium and
calcium;
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(ii) three valuable resources: Mg(OH), (purity: 90-98 %), Ca(OH),
and NaCl (purity >99 %);

(iii) high concentrate brine, along with high quality freshwater (re-
covery up to 85 % and high grade quality freshwater (conduc-
tivity <30 pS/cm)) were produced by the MED, obtaining a
concentration factor up to 7;

(iv) two chemicals were produced by EDBM unit and internally used

as reactants for the precipitation of magnesium and/or calcium in

form of hydroxides and for cleaning/neutralizing purposes within
the treatment chain (1 M NaOH and 0.65 M HCI solutions);
high grade quality of sodium chloride (purity close to 100 %) was
produced by the evaporation ponds using the concentrated brine
produced by the MED.

W

—

Furthermore, the stability of each unit during the daily operational
run was assessed and successfully achieved, demonstrating not only the
technical feasibility of the proposed demo plant, but also the feasibility
of MLD as a sustainable alternative for minerals recovery.

Finally, a theoretical circularity assessment analysis highlighted how
the system can potentially be operated under a fully circular mode, with
zero chemicals input from outside and extremely high recovery rates for
water and chemicals generated in the process.
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