Journal of CO2 Utilization 96 (2025) 103101

Contents lists available at ScienceDirect

UTILIZATION =

Journal of CO2 Utilization

"

journal homepage: www.elsevier.com/locate/jcou

ELSEVIER

Check for

Exploitation of seawater brines for the production of Nesquehonite solids
and CO, utilization

Giuseppe Battaglia ©, Michela Cardella, Alessandro Tamburini ©, Andrea Cipollina,
Giorgio Micale

Universita degli studi di Palermo, Dipartimento di Ingegneria, Viale delle Scienze, Palermo 90128, Italy

ARTICLE INFO ABSTRACT

Keywords:

Magnesium hydroxide
Carbon dioxide
Magnesium carbonate
Bittern

Desalination brine
Carbon utilization

The simultaneous utilization of waste CO5 streams and bivalent rich saline solutions is a crucial opportunity to
face climate change challenges. Several authors have investigated desalination seawater brines as promising
sources of bivalent solutions for CO, utilization technologies. However, the Mg? " and Ca®" content in brines
affects the purity of the synthesized compounds. In this context, the present work thoroughly assesses, for the
first time, the direct and indirect mineral carbonation processes of real highly concentrated Mg?*-rich saline
solutions (bitterns), the latter being the by-products of the evaporation process of seawater or desalination brines
in saltworks or evaporative ponds. For comparison, the indirect carbonation process of real desalination brines
was also explored. The bittern had Mg?" and Ca?t concentrations of ~2.00 mol/L and ~0.004 mol/L, while
~0.13mol/L and ~0.025mol/L were those in the desalination brine, respectively. Carbonation tests were
conducted at room temperature and atmospheric pressure in a (semi-)batch reactor. The high concentration of
Mg?* and the almost absence of Ca?* in the bittern allowed (i) the production of highly pure Nesquehonite solids
(purity ~99 %) and (ii) almost doubling the CO; yield (from 23 % to 37 %) through the direct carbonation

approach against the indirect one.

1. Introduction

The massive emission of Greenhouse gases (GHGs) has been causing
an increase in the global temperature of our planet. Since 1850-2020,
global surface temperature has risen by ~1.1°C [1]. Carbon dioxide
(CO2) and methane (CH4) are the two main GHGs affecting Earth’s
environment. On the one hand, CH4 molecules absorb more radiation
than CO,, on the other hand, CO5 emissions are much higher than
methane ones [2]. In 2020, the European Union approved the European
Green Deal program with the aim of making European Union (EU)
climate-neutral in 2050 [3]. This has pushed research toward innova-
tive, circular and green technologies to satisfy the increasing energy,
water and material demand. Desalination and carbon capture stor-
age/utilization (CCS/U) technologies are two promising opportunities
to achieve the European Green Deal. Desalination is the leading process
in providing fresh water to countries suffering water scarcity. However,
desalination produces large amounts of concentrated waste saline so-
lutions, rich in bivalent metallic cations, such as magnesium (Mg2+) and
calcium (Ca2+), whose disposal has posed environmental concerns [4].
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Carbon capture storage and utilization (CCS and CCU) technologies aim
to either store CO; or convert it into chemicals or valuable compounds.
CCU processes involve the conversion of CO into thermodynamically
stable alkaline-earth carbonates by using solutions with a high content
of metallic cations [5,6]. With this respect, waste saline solutions pro-
duced by industrial desalination activities are the perfect sources to
produce high added-value compounds through CCU technologies [7,8].
Among CCU processes, mineral carbonation can be divided into direct
and indirect approaches [9,10]. In direct carbonation, CO; is injected
into a concentrated metallic cations-rich solution along with an alkaline
reactant. Indirect carbonation comprises (i) the precipitation of free
metallic cations mainly in hydroxide compounds and then (ii) the con-
version of hydroxides into carbonate solids through CO; injection [7].
Several authors have investigated the possible use of seawater brines for
the synthesis of Mg-based compounds via CO» utilization. It is worth
noting that, Mg-based compounds, such as magnesium hydroxide, Mg
(OH)s, nesquehonite, MgCO3e3H50, or hydromagnesite,
Mgs5(CO3)4(OH)2-4(H20), are currently produced from Mg-bearing
minerals. Nesquehonite is adopted as a green building material,
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among other applications [11-13], while hydromagnesite is mainly
employed as a flame retardant filler in polymeric materials [14]. At
atmospheric pressure, nesquehonite crystallization occurs at relatively
low temperatures (up to 60 °C), while hydromagnesite is favoured above
60°C [12,15]. Cheng et al. [16] studied the influence of the temperature
on the crystallization process of magnesium carbonate hydrates from
magnesium chloride (MgCly) solutions (0.5 mol/L) mimicking the Mg
concentration of Qinghai salt lakes (China). Sodium carbonate was used
as alkaline reactant. Nesquehonite crystals with a needle-like
morphology were obtained in the temperature range 0° and 40°C,
while hydromagnesite crystals were formed over temperatures ranging
of 60°-90°C. Wang et al. [17] investigated the possible application of
several aqueous sources, such as concentrated seawater brines, for CO5
utilization through the reaction with Ca®* and Mg?" ions. Theoretical
analyses indicated that the carbonation reaction could be favoured by
increasing the reaction pH and/or the CO; partial pressure. Experiments
conducted by using synthesized seawater brines confirmed this possi-
bility. Singh et al. [18] investigated the indirect carbonation process of
seawater desalination brines through the precipitation of Mg(OH),
solids via the addition of calcium oxide and the further injection of a CO5
stream. The mechanical properties of synthesized partially carbonated
Mg(OH), solids were analysed for their potential use as a construction
material. Singh and Celik [19] also explored the carbonation and
strength development of brucite recovered from desalination reject
brine by supercritical carbon dioxide curing process. Bang et al. [20]
proposed a two-stage CO, mineralization process of desalination brines
in order to produce high purity solids avoiding the simultaneous
co-precipitation of Ca- and Mg-compounds. More precisely, sodium
hydroxide (NaOH) solutions were firstly employed to precipitate Mg?"
in the form of Mg(OH); solids. Then, Mg(OH), solids were carbonated as
hydromagnesite, while the remaining liquid phase was treated with COy
and NaOH solutions to precipitate CaCOs solids.

Apart from seawater brines, bitterns are attractive Mg?* rich sources.
Bitterns are highly-concentrated saline solutions generated in ponds or
saltworks after the evaporation of seawater or seawater brines. The
Mg?* concentration in bitterns can be up to 50 times that in seawater,
while the concentration of Ca2* is almost negligible thanks to the se-
lective evaporation process occurring in the evaporative ponds that
leads to the preliminary precipitation of Ca-based compounds. The high
concentration of Mg?" in the bitterns allows the use of these solutions
also for direct carbonation processes. Pan et al. [21] explored a novel
environmentally friendly process for the utilization of oyster shells and
waste bittern, by product of salt production, to produce nesquehonite
and calcium chloride. An organic extraction phase comprising Tri
(octyl-decyl)amine (R3N), isoamyl alcohol and CO; was employed.
Zhang et al. [22] proposed a facile and cost-effective method to
completely transform Mg?* to hydromagnesite via carbon dioxide (CO5)
mineralization from synthetic bitterns. Synthetic bittern solutions with
Mg%* concentration of 2.2 mol/L were let to react with NaOH and CO,
stream via direct carbonation at 70°C. The synthesized hydromagnesite
solids were tested for uranium extraction applications. Lu et al. [23]
studied the indirect CO2 mineralization process of concentrated syn-
thetic Mg2+—rich solutions using ammonium bicarbonate, NH4HCOs3, in
the presence of sodium alginate. The authors aimed at providing insights
into the preparation of hierarchically structured hydrated magnesium
carbonate compounds in order to reduce the cost of the entire CO,
capture process.

The present work, for the first time, systematically examines the
possible exploitation of real bittern solutions and their direct and indi-
rect carbonation process, aiming at producing highly pure nesquehonite
solids through the utilization of CO5 sources. For the sake of comparison,
the indirect carbonation process of seawater desalination brines was also
investigated. The research has been developed in the framework of the
activities of the Horizon 2020 European projects REWAISE and SEAr-
cularMINE [24,25]. In the REWAISE project, the use of evaporation
ponds is proposed as an effective step to valorise desalination brines by
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producing chemicals, such as NaCl or calcium-based compounds, and
Ca?*-free bitterns, suitable for the production of highly pure magnesium
compounds [26,27]. The SEArcularMINE project aimed at developing a
novel innovative integrated process for the recovery of critical raw
materials through the valorisation of saltworks bitterns. In the present
work, two different Mg-rich aqueous solutions were adopted: (i) a
seawater desalination brine produced by the desalination plant in Ten-
erife Island (Spain) that was enriched in bivalent ions after a nano-
filtration (NF) step, and (ii) a real bittern solution collected from the
Margi saltworks located in the Trapani district (Sicily, Italy).

2. Materials and methods
2.1. Saline solutions and reagents

In the experimental campaign two saline solutions were employed:
(i) a reverse osmosis (RO) brine enriched in bivalent ions after a NF stage
and (ii) a saltworks bittern. The brine was collected from the RO desa-
lination plant located in Tenerife island (Canary islands, Spain) and
further concentrated in bivalent ions through a NF step (i.e. the NF
retentate was employed), while the bittern came from the Margi salt-
works located in Trapani district (Italy). Table 1 reports the concentra-
tion of the main cations dissolved in the saline solutions measured by Ion
chromatography (IC, Metrohm model 882 compact IC plus), and the
concentration of bicarbonate species measured by titration following the
APAT 2010 B method (1/50 N sulfuric acid was used as the titrant, with
0.5 % hydroalcoholic phenolphthalein solution and 0.1 % methyl or-
ange as indicators). Note that, due to the very low concentration of Ca?t
in the bittern, it was measured by ethylenediaminetetraacetic acid
(EDTA) complexometric titration, as explained in Section 2.3.

Concentration of Mg and Ca ions in the NF retentate were ~1.2 times
higher than those typical of RO seawater brines. Mg?* was ~16 times
higher in the bittern solution than in the NF retentate, while the con-
centration of Ca>" was ~8 times lower due to the precipitation process
of Ca-compounds in the saltworks. In Mg(OH), precipitation tests and
direct carbonation tests, NaOH solutions were the alkaline reagent.
NaOH solutions were prepared by dissolving analytical grade sodium
hydroxide (NaOH, Honeywell Fluka > 98 %) pellets in deionized water.
The concentration of hydroxyl ions (OH) was assessed by titration with
standard hydrochloric acid (HCI) solutions (0.1 M standard HCI solu-
tions, Sigma Aldrich). A highly pure CO, stream (PHARGALIS™ >
99.99 %,,/y) was adopted in direct and indirect carbonation tests.

2.2. Experimental set-up and procedure

Indirect carbonation tests require the production of Mg(OH) slurries
as described in Section 2.2.1, while direct carbonation tests could be
performed using the Mg-rich solution as it is.

2.2.1. Mg(OH); synthesis (needed for indirect carbonation tests)
The reaction between Mg?" and OH’ ions leads to the precipitation of
magnesium hydroxide solids [28], according to Eq. (1):

Table 1

Concentrations of cations and bicarbonate species in the NF retentate and the
bittern solution. Cations were measured by Ion chromatography (IC) and eth-
ylenediaminetetraacetic acid (EDTA) complexometric titration techniques,
while the bicarbonate content was assessed by titration following the APAT
2010 B method.

NF retentate Bittern

Analytical technique Species Concentration (ppm) Concentration (ppm)
IC Na® 18544 + 1000 55530 + 4335

IC K" 665 + 150 12749 £ 1019

IC Mg?* 3133 + 50 49551 =+ 337
IC/EDTA Ca* 1090 + 30 (IC) 146 + 3 (EDTA)
APAT 2010 B HCO3 385+ 30 1462 + 116
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Fig. 1. A picture (a) and a scheme (b) of the single-feed semi batch system adopted for Mg(OH) slurries production. (1) peristaltic pump; (2) graduated cylinder; (3)

1 L beaker; (4) pH-meter and (5) magnetic stirrer.

Mg** (aq) + 260H (aq)—Mg(OH),(s) @))

Mg(OH); slurries were synthesized by adopting a single-feed semi
batch system composed of (1) a peristaltic pump (Kronos 50), (2) a
graduated cylinder, (3) a 1 L beaker, (4) a pHmeter (WTW™ pH/Cond
3320) and (5) a magnetic stirrer (ARGO LAB). Fig. 1.a and b show a
picture and a schematic representation of the experimental set-up.

In all tests, the saline solution, either the NF retentate or the bittern,
were put in the beaker, while NaOH solutions were injected into it at
5 mL/min from the graduated cylinder.

Solutions were stirred at 300 rpm. Mg(OH), synthesis tests were
conducted three times at room temperature for the sake of reproduc-
ibility. Details about the adopted operating conditions are reported in
Table 2.

Cases #1-P and #2-P investigated the influence of different final pH
values, namely 10.5 and 12.8, on the possible co-precipitation of cal-
cium ions and their impact on the following carbonation step. As a
matter of fact, the Mg(OH), precipitation occurs at pH values between
9.9 and 10.8 [29]. In this pH range, calcium carbonate (CaCOs3) is ex-
pected to co-precipitate (CaCO3(s) already precipitate at a pH value of
> 9 [30]), while the co-precipitation of calcium hydroxide, Ca(OH)a,
solids occurs at pH values higher than 12.8 [29]. Conversely, Case #3-P
was conducted only at a pH value of 10.8 due to the negligible amount of
Ca?" in the bittern.

In Case #1-P, 2.00 M NaOH solutions were adopted. A higher vol-
ume of NaOH solution was required to reach the higher final pH value of
12.8 in Case #2-P. A volume increase, in spite of using a higher con-
centration NaOH solution, was selected as a preferred strategy in order
to avoid safety issues and also to facilitate the possibility of using in-situ
generated solutions (see Section 3.2.3). In Cases #3-P, a 1.00 M NaOH
solution was adopted, as it allowed to obtain Mg(OH), suspensions with
a magma density of ~22 + 1 g/L. This magma density was chosen as the
reference in this study since the low concentration of Mg?* in the NF
brine would have required too many batches to collect enough amount
of Mg(OH), suspensions with the same magma densities adopted in the
literature (40 g/L, [31,32]). As a matter of fact, Cases #1-P and #2-P

Table 2

were repeated four times to, eventually, collect 500 mL of Mg(OH),
suspensions with a magma density of ~22 + 1 g/L.

In all tests, 20 mL of the slurries were taken for characterization (see
section 2.4). In particular, this amount was filtered through a filtration
system (NALGENE®) using glass microfiber filters with a diameter of
47 mm and a pore size of 1.6 pm (LLG LABWARE). Solids were washed
using ultra-pure water to reduce the amount of entrapped mother liquor
and dried for 24 h at 120 °C in an oven (ARGO LAB).

2.2.2. Carbonation tests

The indirect carbonation process involves the dissolution of available
Mg(OH); solids in a suspension, Eq. (2), due to the acidification action of
the CO; stream in the aqueous systems. CO5 (g) absorbs in an aqueous
solution, to further react with OH ions forming bicarbonate species, Eq.
(3). At pH higher than 8, bicarbonates lead to carbonate species Eq. (4).
Finally, carbonate ions react with available Mg?" ions leading to the
precipitation of magnesium carbonate compounds, such as the nesque-
honite, Eq. (5), [33]:

Mg(OH),(s)—~Mg*" (aq) + 2¢0H  (aq) )
CO3(aq) + OH™ (aq) < HCO; (aq) (3)
HCO; (aq) + OH ™ (aq) < CO3 ™ (aq) + H,0(1) “4
Mg**(ag) + CO3 (aq) + 3H,0(1) < MgCO5 ¢ 3H,0(s) 5)

During direct carbonation processes, a CO2 stream and a Mg2+—
containing solution are added, at the same time, into an alkaline solu-
tion. Mg?" can react (i) with available OH" ions, precipitating magne-
sium hydroxide solids, Eq. (1), that further dissociate to form
magnesium carbonate, Eqs. (2-5), or (ii) with carbonate species already
dissolved in the alkaline solution, Eq. (5).

Fig. 2 shows a picture and a scheme of the experimental setup
adopted for direct and indirect carbonation tests.

In direct carbonation tests, 100 mL of the Margi bittern was

Operating conditions for the synthesis of Mg(OH), slurries. All tests were carried out at a stirring speed of 300 rpm and at room temperature. NaOH solutions were
added dropwise at a flow rate of 5 mL/min. The letter P refers to Mg(OH), precipitation tests.

Case Saline solution Volume of the saline solution [mL] NaOH concentration [M] Volume of NaOH [mL] Final pH
#1-P NF retentate 400 £ 5 2.00 £ 0.05 52+1 10.5
#2-P NF retentate 400 £ 5 2.00 £ 0.05 100+ 5 12.8
#3-P Margi bittern 100 £1 1.00 + 0.05 400 +5 10.8
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Fig. 2. A picture (a) and a scheme (b) of the experimental set-up for carbonation tests: (1) graduated 100 mL cylinder; (2) Kronos 50 peristaltic pump; (3) 1 L beaker;
(4) CO;, sparger; (5) pH meter (WTW™ pH/Cond 3320); (6) magnetic stirrer (ARGO LAB); (7) needle valve (AIRTAC) for CO; flow rate control; (8) rotameter; (9)CO4
cylinder. Note that, indirect carbonation tests were conducted without the use of the peristaltic pump and the graduated cylinder, as 500 mL of Mg(OH), slurries

were loaded within the beaker.

withdrawn from a graduated cylinder at a flow rate of 5 mL/min (total
pumping time of 20 minutes), by using a Kronos 50 peristaltic pump.
The bittern was added into a 1 L beaker already containing 400 mL of a
1.00 M NaOH solution. The suspension was stirred at 300 rpm using a
magnetic stirrer (ARGO LAB). pH and temperature were recorded by a
pH meter (WTW™ pH/Cond 3320). The CO, flow rate was 0.4 L/min
(controlled by a needle valve, AIRTAC). The CO stream was injected
through a sparger until the pH of the suspension reached a value of ~8 in
order to avoid the dissolution of carbonates species, which would occur
at pH values lower than ~8 [34].

In the case of indirect carbonation tests, the peristaltic pump and the
graduated cylinder were not adopted (items 1 and 2 in Fig. 2), because
500 mL of Mg(OH), suspensions, synthesized in tests P, were added in
the beaker at the beginning of the tests. Details of conducted tests are
reported in Table 3. Note that, if required, to restore the pH value of the
suspensions synthesized in Cases #1-P and #2-P, a volume of 2.00 M of a
NaOH solution was added before CO5 injection.

5 mL of slurry samples were withdrawn every ~7 minutes. Samples
were immediately filtered through a filtration system (NALGENE®)
using glass microfiber filters with a diameter of 47 mm and a pore size of
1.6 pm (LLG LABWARE). Filtrates were further diluted 20 times in ultra-
pure water to prevent any further evolution of the carbonation process.
Solids samples were washed using ultra-pure water and dried for 24 h at

Table 3

40 °C in an oven (ARGO LAB).

2.3. Analytical procedure and performance parameters

Magnesium and calcium ion concentrations were assessed in filtered
solutions after Mg(OH); slurry production and during carbonation tests.
Mg*" and Ca?" concentrations were measured by ethyl-
enediaminetetraacetic acid (EDTA) complexometric titration. The pro-
cedure was divided into two steps: (1) the total hardness (the sum of the
Mg?* and Ca?" content) of the solution was measured using an ammonia
buffer of pH 10.5, the eriochrome black T (EBT) as pH indicator, and a
0.01 M EDTA solution; (2) magnesium ions were precipitated through
the addition of a 2.0 M KOH solution and the Ca®* concentration was
measured by using the 0.01 M EDTA solution and the Patton-Reeder
indicator. The magnesium content was determined as the difference
between the total hardness and the calcium content.

In Mg(OH), synthesis tests (Cases P), MgZJr and Ca®* recoveries, Rec;,
were calculated as follows:

C?l - (C{i" o (Vbrine + VNaOH ) / Vbrine)
Rec; = 6)

in
G

Volume of Mg(OH), slurries, bittern and NaOH solutions adopted in the indirect and direct carbonation processes. Tests were carried out at room temperature.
Suspensions were stirred at 300 rpm. A CO, flow rate of 0.4 L/min was adopted. Letters iC and dC indicate indirect and direct carbonation tests, respectively.

Case Mg>*- source solution Volume of Mg?*-source [mL] NaOH concentration [M] Volume of NaOH [mL]
#1-iC Mg(OH), from Case #1-P 500 £ 5 -

#2-iC Mg(OH), from Case #2-P 500 + 5 -

#3-iC Mg(OH), from Case #3-P 500 + 5 - -

#4-dC Margi bittern 100 +1 1.00 £+ 0.05 400 £ 5
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where ¢ and c’:'” are the initial and final concentrations of the i-th
species, either Mg2+ or Caz+, while Viine and Viygon are the volume of
saline (either NF retentate or bittern) and NaOH solutions.

In the case of carbonation tests (tests iC and dC), the yield in nes-

quehonite solids with respect to Mg?™ and CO,, Yield,\N,f;gfh""im and

. 1 Nesquehoni
Yieldgog "™, were evaluated as follows:

Initial inal oo .
(nMg2 ot — nf‘,‘,,g2 +) e molar percentage of nesquehonite in solids

Journal of CO2 Utilization 96 (2025) 103101
3. Results and discussion
3.1. Mg(OH), synthesis
Table 4 lists Mg*" and Ca®" recoveries, i.e. Recy,2: and Recgg:, Eq.
(6), calculated after the synthesis of magnesium hydroxide slurries in

tests P from NF retentates and Margi bitterns, respectively.
Magnesium recovery was ~96 %, > 99 % and ~97 % in Cases #1-P,

YlelaMg2+ = pplnitial
Mg2+

Initial - (Nesquehonite
Tyeo ® YleldMgz "

Yieldjyede"

®

Neor
cog

where njjiit and anLg;ZI . are the initial and final moles of Mg ions

(measured at the beginning and at the end of carbonation tests), while
neow is the total moles of CO, introduced into the system during the

carbonation test. The molar percentage of nesquehonite in synthesized
solids was obtained by thermogravimetric analysis (TGA). Note that Egs.
(7-8) consider that one mole of Mg2+ reacts with one mole of CO»(aq),
as indicated in Eq. (5).

Several analytical techniques were adopted to characterize the syn-
thesized solids. Particle purity was investigated by thermogravimetric
analysis (TGA). TGA analyses were carried out at a heating rate of 10 °C/
min from 30 °C to 1000 °C with a constant nitrogen flow of 20 mL/min
(STA 449 F1 Jupiter analyzer, NETZSCH).

The purity of nesquehonite solids (the target compound of the pre-
sent work) was calculated as the ratio between the sum of the mass
losses occurring in the temperature range 25°C - 300 °C and 300°C - 600
°C (associated to the nesquehonite decomposition) and the theoretical
value of 70.8 % [32]:

Amysec_300 cc + AM3oooc-600 °c

P un:lyNexquehonite = 70.8 (9)

Note that, care must be placed when analysing TG plots that may
present different decomposition phenomena in the same temperature
intervals.

Solids were also characterized by fourier-transform infrared spec-
troscopy (FT-IR, Shimadzu IRTracer-100). FT-IR analysis was conducted
in the range of 4000-400 cm ™. Equipment setting was: a resolution of
4 cm™!, 45no. of scans and the Happ-Genzel apodization function.
Particle morphology was examined by scanning electron microscopy via
Scanning Electron Microscope FEI Quanta 200 FEG. A thin and uniform
coating of gold was applied to make samples conductive. Elemental
analysis was performed through Energy Dispersive X-ray technique
(EDS). Moreover, the crystalline structure and impurities present in the
powders were analysed by X-ray diffraction, XRD, technique using CuKa
radiation (1.542° A, 40 KV, 100 mA) in the 26 range of 10-70° at a step
size of 1°/min by using the RIGAKU model D.MAX 2500 HK.

Table 4
Magnesium and calcium recoveries, Eq. (6), in Mg(OH), precipitation tests (tests
P).

Case Saline solution RecMng [%] Recgpr [%]
#1-P NF retentate 96 +2 20+ 4
#2-P NF retentate > 99 805
#3-P Margi bittern 97 £2 16 £+ 4

@)

#2-P and #3-P, respectively. Ca®" recovery increased from ~20 % to
~80 % in Cases #1-P and #2-P when varying the final pH value of Mg
(OH), suspensions from 10.5 to 12.8 (see Table 4). Results are in
accordance with data reported by Bang et al. [34]. Specifically, Bang
et al. [34] obtained Mg?* and Ca®* recoveries of 90 % and 23 % at pH
10.5, while recoveries were 99 % and 29 % at pH 11, respectively,
treating RO desalination brines with NaOH solutions. The higher Ca®*
recovery in Case #2-P obtained here, with respect to Bang et al. [34],
can be attributed to the higher concentration of Ca?* in the retentate
and the possible precipitation of solids species, probably CaCO3(s), that
were observed floating on the liquid surface. This can be related to the
interaction of the suspension at high pH with the CO, in the air, thus
increasing the Ca%* recovery. Calcium recovery was ~16 % in Case
#3-P.

The FT-IR spectra of synthesized Mg(OH), powders are reported in
Fig. 3.

In all solids, the presence of Mg(OH), compound was marked by the
vibration band at 3690 cm ™! [36]. In Cases #1-P and #2-P, vibration
peaks at 867 cm ™! and 1415 cm ™! were also observed. These peaks are
related to the presence of CaCO3 and Ca(OH), species [37]. Higher
peaks were noticed in samples precipitated in Case #2-P with respect to
those of Case #1-P, indicating a higher amount of CaCO3 and Ca(OH),
species in the solids due to the higher final pH value of the slurry. Solids
of Case #3-P revealed only the peak associated to the presence of the Mg
(OH); compound. To confirm FT-IR analysis, TG plots of Mg(OH), solids

D
>
=
=
2
e
2
£
<
0 1000 2000 3000 4000
Wave number [cm!]
#1-P —#2-P —#3-P
--------- CaCO3_ref ----- Mg(OH)2_ref -------Ca(OH)2_ref

Fig. 3. FT-IR spectra of Mg(OH), solids synthesized in Cases #1-P, #2-P and
#3-P. Reference spectra for Mg(OH), CaCOs; and Ca(OH), compounds were
taken from RRUFF™ database [35].
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Fig. 4. TG and DTG plots of Mg(OH) solids synthesized in Cases #1-P (a), #2-P (b) and #3-P (c).

Table 5
Mg(OH),, CaCO3 and Ca(OH), species content in solids synthesized during in-
direct carbonation tests.

Case Mg(OH), content [%] CaCOj3 content [%] Ca(OH), content [%]
#1-P 87 13 -
#2-P 82 16 2
#3-P  >098 - -

are shown in Fig. 4.

Two main mass losses can be identified in TG plots of solids produced
in Cases #1-P and #2-P. The first occurred in the temperature range
between 300°C and 500°C, while the second between 650°C and 850°C.
These two temperature mass losses are related to the Mg(OH), and
CaCO3 compounds decomposition in oxide species [37,38], respectively.
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In Case #2-P, a very small mass loss was also detected in the temperature
range between 400°C and 550°C due to the decomposition of Ca(OH)z
compounds [39]. Solids precipitated in Case #3-P exhibited only the
mass loss attributed to the decomposition of Mg(OH); compounds, thus
indicating the absence of CaCO3 or Ca(OH), species. The quantitative
content of Mg(OH),, CaCO3 and Ca(OH), compounds in the synthesized
solids determined from TG curves is reported in Table 5.

FT-IR and TG data were also confirmed by XRD spectra of solids, see
Appendix A.1. Specifically, Mg(OH), species was the dominant com-
pound in all solids. Traces of aragonite (calcium carbonate) were
detected in Case #1-P. Aragonite and calcite species were identified in
samples of Case #2-P. The presence of the two calcium carbonate species
can be related to the high pH environment in which the reaction
occurred [40]. Traces of Ca(OH), were also detected in solids of Case
#2-P.

0.3
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Fig. 5. pH trends and Mg>" concentration trends over time for Cases #1-iC, #2-iC and #3-iC.
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3.2. Direct and indirect carbonation tests

3.2.1. Indirect carbonation tests

Fig. 5.a and. b show pH trends and Mg?* concentrations measured
during indirect carbonation tests, namely Cases #1-iC, #2-iC and #3-iC.

Initial pH values were ~10.5, ~10.8 and ~12.8 according to the
final pH value of Mg(OH), slurries produced in Cases #1-P, #2-P and
#3-P, respectively. In Case #1-iC, pH values sharply decreased to a
value of ~8 within ~28 minutes. pH values fluctuated around a value of
9.35 in Case #2-iC, while pH was ~8 after 42 minutes in Case #3-iC.
The pH decrease indicated the evolution of the conversion process of Mg
(OH); solids into nesquehonite ones that occurs until pH values ranges
7.8-8.2 [32,41]. Note that, at pH values lower than ~8, the dissolution
of carbonates species would occur [34]. The higher pH value attained in
Case #2-iC can be attributed to the presence of a high amount of calcium
ions in the slurry that could cause a buffer action on the reaction system
[42,43].

The Mg?t concentration exhibited a non-monotonic increasing/
decreasing trend with a maximum. This is due to the initial dissolution
process of Mg(OH), solids, Eq. (2), that led to an increase of the con-
centration of Mg?t in the system until the crystallization process of
nesquehonite crystals became the dominant phenomenon, consuming
Mg ions. The maximum Mg?* concentration values recorded at 20 mins
in Cases #1-iC and #3-iC were 0.18 +0.02, 0.14 &+ 0.01 mol/L,
respectively, while a lower Mg?* concentration of 0.05 & 0.01 mol/L
was attained at 28 mins in Case #3-iC. The lower Mg?" concentration
can be attributed to the higher pH of the solution that limits and slows
the dissolution of Mg(OH), solids, thus hindering the carbonation pro-
cess. Fig. 6.a shows the FT-IR spectra of synthesized nesquehonite solids.
In addition, the dynamics of the formation of nesquehonite crystals from
Mg(OH); ones observed for the Case #3-iC as a function of the reaction
time is reported in Fig. 6.b.

FT-IR spectra clearly exhibited the presence of magnesium carbonate
in the form of nesquehonite. The peak at 3690 cm™ (presence of Mg
(OH), compounds) was almost absent for Cases #1-iC and #3-iC, while
it was still present in Case #2-iC. This is in accordance with the low
Mg%" concentration shown in Fig. 5.b caused by the higher pH of the
suspension that limited the dissolution of Mg(OH), solids and their
further conversion into Nesquehonite ones.

During the indirect carbonation process, Mg(OH), solids slowly
dissolved providing Mg?" for the crystallization of nesquehonite ones.
This is shown by the reduction of the peak at 3690 cm™! over time (see
Fig. 6.b) which almost disappeared after about 21 mins, although
42 mins were required to fully vanish. Consequently, peaks of nesque-
honite crystals increased over time.

TG and DTG plots of solids produced in Cases #1-iC, #2-iC and #3-iC
are shown in Fig. 7.

Different mass losses were identified in TG plots. In Case #1-iC, an
initial mass loss of ~34.5 % occurred in the temperature range between
25°C to 300°C. A second mass loss equal to 27.9 % was observed from
300°C and 600 °C. These two mass losses are related to the release of
water and CO5 molecules from magnesium carbonate trihydrate species,
namely the Nesquehonite [41]. In these temperature ranges, the calci-
nation process of Mg(OH), solids can also occur [44], however, it is
difficult to be determined due to the overlap of the Nesquehonite
calcination one. A third mass loss of 5.1 % was also noticed in the
temperature interval between 600°C and 850 °C related to the calcina-
tion process of calcium carbonate, thus indicating the co-presence of Ca
compounds in the powders [38]. Overall, the purity of nesquehonite
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Fig. 6. — (a) FT-IR spectra of nesquehonite solids produced in Cases #1-iC, #2-
iC and #3-iC. (b) FT-IR spectra of solids collected at several times during the
indirect carbonation process of Case #3-IC. FT-IR spectra of Mg(OH), and
nesquehonite compounds (used as references) were taken from RRUFF™
database [35].

solids calculated by using Eq. (9) was ~88 %.

The TG plot of powders synthesized in the Case #2-iC showed three
mass losses of ~27.9 %, ~26.3 % and ~7.3 % occurring at temperature
intervals of (i) 25°C and 300°C, (ii) 300 °C and 600 °C and (iii) 600 °C
and 850°C, respectively. In this case, the DTG curve showed two marked
peaks at about ~400 °C and at ~530 °C, indicating the possible co-
presence of Mg(OH), (peak at ~400°C) and Ca(OH), (peak at
~530°C) compounds [39]. The mass loss between 600°C and 850°C was
again due to the presence of CaCO3 compounds in the solids. In this case,
it is more difficult to estimate the purity of nesquehonite solids since the
mass losses due to the presence of Mg(OH), and Ca(OH), must be taken
into account. On this bases, the purity of nesquehonite solids, Eq. (9),
was estimated to be ~ 54 %.

In Case #3-iC, only the two main mass losses occurring in the tem-
perature range of 25°C-300°C and 300-600 °C were observed, i.e.
~37.6 % and 32 %, being the purity of nesquehonite solids, Eq. (9),
> 98 %.

XRD spectra, see Appendix A.2.2 confirmed the presence of nes-
quehonite solids. Impurities of aragonite were detected in solids of Case
#1-iC, in accordance with TG data. Mg(OH), species were identified in
solids of Case #2-iC, thus confirming the influence of the high pH value
in the test. No impurities were observed in XRD spectra of powders of
Case #3-iC.

For all tests, the yield in nesquehonite solids with respect to Mg?*

) Honi ) Honi
and COy, Yieldys\"" and Yieldgos "™, were calculated based on

Egs. (7)-(8). Specifically, YieldAN,,‘;gﬁeh""iw was 54 %, 58 % and 78 % for
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Fig. 7. TG and DTG plots of synthesized solids in Cases #1-iC (a), #2-iC (b) and #3-iC (c).

Cases #1-iC, #2-iC and #3-iC, respectively, while the Yieldlgf)sg”e’w"iw was

22 %, 10 % and 23 %. These data agree with literature ones. Bang at al.
[34] reported Mg2+ and COq recoveries of 86 % and 12 %, respectively,
treating a seawater desalination brine. The same authors improved the
CO3, yield up to 57 % by adopting sequential mineralization steps [45].

Notably, in the present work the CO, yield was evaluated with
respect to the total COy quantity insufflated in the system. Inefficiencies
related to the limited CO5 absorption, the residence time of bubbles in
the system or the one-through CO; passage into the solution can affect
the overall process. Strategies such as the use of ammine to enhance the
CO4 absorption [8] or the use of an ammonium chloride buffer [17,41]
could improve the CO; yield in the process.

For the sake of completeness, SEM images of synthesized solids are
presented in Fig. 8.

Rod or needle -like crystals of nesquehonite compounds [46] can be
observed in all cases. Traces of calcium compounds were identified in
solids of Cases #1-iC and #2-iC, i.e. cubic shaped crystals or ball
rounded structures [47] (see Fig. 8b and e) in accordance with FT-IR, TG
and XRD analysis.

The presence of Ca was also confirmed by EDS analysis, as shown in
Fig. 8. cand f.

3.2.2. Direct carbonation tests

The pH trend and the Mg?"concentration over time recorded in the
Case #4-dC are shown in Fig. 9.

The pH decreased from a value of ~13 to ~8.2 at 21 mins and to
~7.8 at 23 mins. The high initial pH value was due to the presence of the
NaOH solution in the beaker at the beginning of the test. Mg?* con-
centration increased over time due to the dropwise addition of the
bittern. The highest value of ~0.13 + 0.02 mol/L was reached at
~21 mins when also the peristaltic pump was stopped. Additional
2 minutes were necessary to decrease the pH down to the value of 7.8,
indicating a total conversion of available Mg?* in nesquehonite solids.
Comparing Fig. 9.b and Fig. 5.b, it can be observed that the direct
carbonation test was faster than the indirect ones. This can be attributed
to the presence of a NaOH solution in the beaker that enhanced the
absorption of CO3 and thus the availability of carbonates ions for the
nesquehonite formation. Fig. 10.a, b, ¢ and d show the FT-IR spectrum,
TG and DTG curves, and SEM images at the magnification of 4000x and
20,000 x, respectively, for the samples synthesized in Case #4-dC.

Highly pure nesquehonite crystals were synthesized. FT-IR showed
the presence of only nesquehonite compounds without any peaks asso-
ciated to the presence of Mg(OH), solids. Two mass losses, one from 25
to 300 °C of ~37.7 % and a second from 300 to 600 °C of ~32.2 %, were
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Fig. 8. SEM images of solids synthesized in Cases #1-iC (a, b), #2-iC (d, €) and #3-iC (g, h) at magnification of 4000x (a, d, g) and 20,000x (b, e, h). EDS spectra

evaluated in local points of samples collected in Cases #1-iC (c) and #2-iC (f).
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Table 6
Yield in nesquehonite solids with respect to Mg and CO, Yieldﬁegsgfh”"m

for all Cases here investigated. Literature data are also reported.

(d)

Fig. 10. (a) FT-IR spectra; (b) TG and DTG curves; SEM images at the magnification of (¢) 4000x and (d) 20,000x for the solids synthesized in Case #4-dC.

and Yieldyad“homite  1qs. (7-8), and nesquehonite solids purity, PUTity yesquehonite > B4 (9,

Saline solution Yieldﬁi‘z"j Yieldggg’ Purityy,s,
Case #1-iC Real seawater desalination brine 54 % 22 % ~88 %
Case #2-iC Real seawater desalination brine 58 % 10 % ~54 %
Case #3-iC Real bittern 78 % 23 % > 98 %
Case #4-dC Real bittern 69 % 37 % ~99 %
Saline solution Mg?* conversion ratio CO, conversion ratio Purity of hydromagnesite solids
Bang et al. [34] Real seawater desalination brine 86 % 12% < 90 % due to CaCOj traces
Bang et al. (99.9 % COy) [45] Real seawater desalination brine 77 % 57 % Not provided

observed in TG curves. The total mass loss was ~69.9 %, indicating a
purity of nesquehonite powders, Eq. (9), of ~99 %. SEM images
confirmed the presence of rod-like nesquehonite crystals. In this case,
crystals exhibited smoother surfaces with respect to those observed in
indirect carbonation tests. The presence of highly pure nesquehonite
crystals was also confirmed by XRD spectroscopy, see Appendix A.2.1.
Only peaks related to nesquehonite species could be detected in XRD
spectra.

10

The yield in nesquehonite solids with respect to Mg?>" and CO,,

Yieldy:s"*" and Yieldggg ", Eqs. (7-8), were 69 % and 37 %, thus,

marking the advantageous use of bittern solutions for the simultaneous
utilization of COy and the production of highly pure magnesium car-
bonate compounds with a better crystal morphology through the direct
carbonation approach. Table 6 lists the yield in nesquehonite solids with

respect to Mg®™ and CO», YieldﬂN,,?zqfh""im and Yieldyad"""  along with
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nesquehonite solids purity for all Cases #1-iC, Cases #2-iC, Cases #3-iC
and Cases #4-dC. In addition, data from literature are reported for the
sake of comparison.

Note that, the Mg?t and CO, conversion adopted by Ban et al. are
similar to the yields here introduced, namely Egs. (7-8). Data in Table 6
clearly show the advantages of adopting the direct carbonation process
of real bitterns for CO; utilization and production of highly pure com-
pounds thanks to the higher Mg?* concentration in the bittern and the
lower calcium content with respect to NF retentate brines.

3.2.3. Possible applications of residual alkaline saline solution

Some considerations are required in order to fully analyse the scal-
ability of the proposed method, looking, in particular, at the fate of the
alkaline residual saline solutions, generated as a by-product of the
production of nesquehonite solids from brines. Disposal or re-use of
these solutions has to be considered, opening the room to several
possible applications, such as:

e the alkaline solutions could be adopted for the in-situ production of
required reagents, i.e. NaOH solutions, using Electrodialysis with
Bipolar Membrane units. In this case, a pre-treatment of the solution
would be necessary to (i) reduce their Mg?* concentration, through
the addition of NaOH solutions, and (ii) to extract carbonates/bi-
carbonates species as COq. The resulting Mg(OH), solids and CO,
could be re-used in the carbonation step. The final diluted solution,
after the EDBM unit, would be rejected into the sea, without causing
any environmental issues.

If the carbonation process of saltworks bitterns is concerned, the
carbonates/bicarbonates species in the alkaline solutions could be
extracted via acidification and stripping processes. The recovered
CO;, could be re-used in the carbonation step, while the liquid solu-
tion could be fed back to intermediate ponds in the saltworks. This
would increase the production of NaCl compounds and allow the
recovery of residual Mg?* through the reprocessing of the bittern.
If a desalination industry is located near the saltworks/evaporative
ponds, the alkaline solution could be used as a pre-treatment for RO/
NF brines to reduce their Ca%" content. CaCO5 would precipitate due
to the high content of bicarbonate/carbonate species in the alkaline
solution. The Ca?*-free solution can be employed in Zero Liquid
Discharge schemes to produce highly pure-Mg(OH), solids and
enhance water recovery of desalination plants.

All these options deserve a more in-depth analysis, which will be the
objective of future investigations.

4. Conclusions

In the present work, the direct and indirect carbonation processes of
a real bittern collected from the Margi saltworks located in Trapani
district (Sicily, Italy) were thoroughly assessed for the first time. For
comparison, the indirect carbonation process of a real seawater desali-
nation brine, outcoming the reverse osmosis desalination plant located
in Tenerife island and further enriched in bivalent ions through a
nanofiltration step, was studied.

First Mg(OH), suspensions and solids were synthesized from brines
at pH values of 10.5 and 12.8, and at pH of 10.8 from the bittern. Highly
pure Mg(OH); solids were produced from bitterns, while CaCO3 and Ca
(OH), compounds were identified in solids synthesized from NF brines

Appendix A

A.1 XRD spectra of solids produced in Mg(OH), synthesis tests.
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due to the co-precipitation of Ca ions. Slurries were further treated with
a pure CO3 stream (indirect carbonation process). Highly pure Nesque-
honite solids were synthesized from Mg(OH), suspensions from bitterns,
while traces of CaCO3 and Ca(OH); solids were again detected among
Nesquehonite crystals when using Mg(OH), suspensions from brines. It
was also observed that a higher Ca amount in Mg(OH)> slurries hindered
the indirect carbonation process, probably due to the pH buffer action of
Ca-compounds that slowed and limited the dissolution of Mg(OH)s
solids. A maximum CO3 yield of ~22 %, in accordance with literature
data, was measured in indirect carbonation tests of Mg(OH), suspen-
sions synthesized from brine and bittern solutions. Conversely, CO5
yield reached a percentage value of 37 % in direct carbonation process
of the bittern solution. The direct carbonation was also the fastest
approach, being at least 7 mins faster than the fastest indirect case. In
addition, highly pure well-defined and surface-smooth nesquehonite
crystals were synthesized.

Overall, the present study marks the advantages of adopting bittern
solutions as promising sources for direct carbonation process to simul-
taneously utilize COy streams and produce highly pure/well defined
nesquehonite crystals. This is due the high Mg?* content in the bittern
and the pretty low Ca®" content. With this respect, with the aim of
reducing the environmental impact of desalination plants, the adoption
of evaporation ponds to produce minerals of interest and highly
concentrated Mg?" rich bitterns free of Ca ions, as foreseen in the
REWAISE project, is an interesting opportunity to be pursued.
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The XRD spectra of solids synthesized in Cases #1-P, #2-P and #3-P are shown in Figure A. 1 a, b and c, respectively.
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Figure A.1. XRD spectra of solids produced in Cases #1-P (a), #2-P (b) and #3-P (c). Reference spectra of Mg(OH)2, Ca(OH),, CaCOs3 (either calcite or aragonite)
species were taken from RRUFF™ database [35]

Mg(OH)y, i.e. brucite, was the dominant phase in all solids. Sample #3-P exhibited only peaks attributed to Mg(OH)> solids, thus indicating a high
purity of the powders. Peaks of CaCOs species, in the form of aragonite, were detected in powders produced in Case #1-P. CaCOg as aragonite and
calcite species were identified in samples of Case #2-P. The presence of calcite was observed mainly due to the peak at ~29.48, among the others. The
peak at ~34.15 was related to the possible presence of Ca(OH); in the solids. XRD spectra agreed well with TG and FT-IR data discussed in Section 3.1.

A.2 XRD spectra of solids produced in carbonation tests.

A.2.1 Direct carbonation tests

Figure A. 2 shows the XRD spectrum of solids produced in Case #4-dC.

Intensity

&

—#4-dC

o Nesquehonite_ref

(nesquehonite) species was taken from RRUFF™ database [35]
Only peaks ascribed to the presence of Nesquehonite species can be observed in Figure A. 2, indicating a high purity of the powders.

A.2.2 Indirect carbonation tests
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2 Theta
Figure A.2. XRD spectrum of powders produced in direct carbonation tests of real bittern solutions (Case #4-dC). The reference spectrum of MgCOs -3 H2O

60 70

Figure A. 3 a, b and c report XRD spectra of solids obtained in Cases #1-iC, #2-iC and #3-iC, respectively.
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Figure A.3. XRD spectra of solids collected in Cases #1-iC (a), #2-iC (b), #3-iC (c). Reference spectra of Mg(OH),, CaCO3 (aragonite), MgCOs -3 H20 (nesquehonite)
species were taken from RRUFF™ database [35]

Peaks related to the presence of nesquehonite species were found in all spectra of Cases #1-iC, #2-iC, #3-iC. No other peaks, thus impurities, were
observed in solids of Case #3-iC. On the other hand, aragonite and Mg(OH), traces were detected in solids of Cases #1-iC and #2-iC, respectively.

Data availability

Data will be made available on request.
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