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Abstract: Evaporative crystallisation has been used to recover water for
industrial reuse but it presents serious problems related to incrustation. In this
perspective, alkaline precipitation is studied in the present work, aiming to
remove scale-forming salts prior to evaporative crystallisation of a reverse
electrodialysis concentrate (EDC). The concentration of inorganic species in
the feed and filtrate streams were determined by ICP-OES. The total organic
carbon and inorganic carbon were analysed by thermo-catalytic oxidation with
high temperature to assess the removal of organic compounds from EDC. The
software PHREEQC was used to model the systems and a comparison with
experimental results confirmed the credibility of the experiments. The
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technique proved to be a favourable method for removal of almost 100% of Ca
and Mg by adding 0.04 wt.% of caustic soda. Furthermore, this would improve
the downstream evaporative crystallisation efficiency due to reduced
incrustation potential.

Keywords: PHREEQC; desalination; calcium carbonate; magnesium
hydroxide; reverse electrodialysis; scaling; hydrogeochemical model;
precipitation; water reuse; demineralisation process.
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1 Introduction

Reverse osmosis (RO) and reverse electrodialysis are well-known techniques used for
desalination of brines and recovering water for industrial reuse (Zaviska et al., 2015;
Mutamim et al., 2012; Kim, 2011; Mezher et al., 2011; Greenlee et al., 2009). Although
these techniques recover potable water, they generate saline waste streams, which are
disposed of in evaporative ponds since further treatment using desalination processes is
limited by the increased scaling potential of the salts. Moreover, the ponds require vast
areas of land, which become a limiting factor with time and may lead to environmental
pollution. Crystallisation has been pointed out for further treatment of the concentrated
brine streams to recover pure water and salts (Becheleni et al., 2014; Morillo et al., 2014;
Macedonio et al., 2011; Reddy et al., 2010; Lewis et al., 2010).

Becheleni et al. (2014) evaluated the effectiveness of evaporative crystallisation to
treat a reverse electrodialysis concentrate containing 0.5% NaCl to obtain pure water that
could be re-used in heat exchangers. However, a major challenge encountered in this
process was the precipitation of calcium carbonate and calcium sulphate during
crystallisation since they attained supersaturation easily due to their low solubilities,
before NaCl precipitated. Therefore, this study attempts to remove scale-forming ions in
a pre-treatment step prior to evaporative crystallisation to improve the efficiency of the
process so as to recover NaCl as well (Becheleni et al., 2014). Incrustation occurs due to
an increase in the concentration of scale-forming ions leading to supersaturation, which
results in primary or heterogeneous nucleation and growth of solids on vessel and pipe
walls (Chaussemier et al., 2015; Liu et al., 2011; Hoang et al., 2007; Hoang et al., 2004,
Adams and Papangelakis, 2000; Sudmalis and Sheikholeslami, 2000). This has several
undesirable effects, which include damage to equipment, fouling, reduction of the
equipment durability, impact on process operability and increase in energy consumption
as well as decrease in productivity. Typical scaling salts include sulphates of calcium,
magnesium, barium and strontium and carbonate salts as well as silica.

A process that integrates RO, chemical demineralisation and crystallisation of the
brines produced may be a technically viable solution to operate membrane desalination
processes working at a high level of water recovery. Gabelich et al. (2007, 2011)
evaluated the effective desalination of Colorado River water at a continuous pilot scale
system. The two-stage process involved intermediate chemical demineralisation (ICD) of
the concentrate stream from a primary reverse osmosis (PRO) process using 30% NaOH
followed by a secondary reverse osmosis desalting stage. The NaOH dosage to the solid
contact reactor (SCR) feed was systematically varied over the test period to achieve SCR
effluent pH within the range of 9.2—11.3. The authors observed that the increase in Ca
removal with increase in pH was consistent with the rise in CaCO; supersaturation in the
SCR resulting in precipitation thereof. Above pH 10, the Ca removal, primarily as
calcium carbonate, was in the range of 94-97%. In addition, the overall water recovery
was enhanced from 85% to 95% without any scaling of the ions present in RO feed for an
operational period of 550 hours. The authors observed that the process was highly
dependent on pH, Ca concentration and total carbonate concentration in the effluent and
that Ba and Sr removal efficiencies were strongly correlated with that of Ca. High
removal efficiencies were generally encountered above pH of 10, attributed to increased
co-precipitation (possible via inclusion in the crystal lattice or surface adsorption or
precipitation as separate crystalline phases) of Ba and Sr with increasing CaCOs3
precipitation at elevated pH. At pH above 10, the removal efficiencies obtained for Ca,
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Ba, Sr and SiO; were greater than 94%, 97%, 88% and 67%, respectively. The Mg
removal (38-80%) was primarily through Mg(OH), co-precipitation with CaCO;
(Gabelich et al., 2007).

In a separate investigation, Subramani et al. (2012) compared innovative concentrate
treatment methods such as electrocoagulation with chemical softening methods to remove
scaling precursors from groundwater obtained from a mining site in Chile. The
concentrate presented silica levels exceeding 90 mgL! in addition to high concentrations
of calcium (>400 mgL!), sulphate (>1,700 mgL!) and some toxic metals such as Al, Zn,
Mn, Hg, Ni, Fe and others. In these chemical softening experiments, different doses
(3,000-5,000 mgL") of calcium hydroxide (lime) and 2,500-3,000 mgL-! of sodium
carbonate (soda ash) were added to the primary reverse osmosis concentrate to enhance
the precipitation of calcium carbonate. As reported by the authors, a soda ash dose of
5,000 mgL! for lime softening and 3,000 mgL-! for sodium carbonate softening were
required at a pH of approximately 11.0-11.4 to decrease the calcium concentration below
20 mgL! and for high magnesium removal rates. At the optimum soda ash and lime
softening dosages, calcium and magnesium concentrations were reduced to 15 mgL! and
below 1 mgL-!, respectively. The lime softening process achieved a silica removal of
80% and the sodium hydroxide softening reached a silica removal of 85%. For the
optimum chemical softening conditions, the clarified supernatant had a turbidity of less
than 0.5 nephelometric turbidity uni (NTU) and total suspended solids of less than
10 mgL! after 60 minutes of settling. The chemical consumption was higher for lime
softening compared to sodium hydroxide softening, due to the introduction of additional
calcium ions from lime (Subramani et al., 2012).

Qu et al. (2009) investigated the integration of accelerated precipitation softening
(APS) with direct contact membrane distillation (DCMD) to establish a desalination
process for the high recovery desalination of primary reverse osmosis (PRO) concentrate
at a laboratory scale. The APS process involved pH adjustment with 1 molL-! of sodium
hydroxide solution of concentration 40 mgL-!. Calcite or quartz seeds (5gL') were
dispersed in the PRO concentrate (10 L) before the precipitation. The authors reported
that the solution pH increased from 9.10 to 11.10 corresponding to an increase in the
calcium removal efficiency from 38% to 86%, over a period of 30 minutes. In addition, a
load of 5 gL! calcite seeds resulted in calcite removal up to 91%. The PRO concentrate
before and after APS revealed that, the calcium removal efficiency as CaCO;3; and CaSOg4
was about 92% for both salts, while those of magnesium, sulphate and silica were 4.4%,
1.1% and 1.6%, respectively (Qu et al., 2009).

As reported by numerous desalination researchers, carbonate salts can be precipitated
as calcium and/or magnesium carbonates whose precipitation kinetics depend on the Ca,
Mg and carbonate concentration, supersaturation and pH (Santos et al., 2017; Blue and
Dove, 2015; Becheleni et al., 2014; Subramani et al., 2012; Gabelich et al., 2011;
Gabelich et al., 2007; Pokrovsky, 1998). The supersaturation index (SI) is useful in
determining whether supersaturation has been achieved with respect to a particular salt. It
is calculated as a ratio of the free ionic activity product (IAP) and the thermodynamic
solubility product of the crystal phase (Ksp) (Mullin, 2001; Sloeyink and Jenkins, 1980).
Sometimes, the logarithm of this ratio is taken to be the saturation index. The IAP is
computed from the free ion activities, which are products of the activity coefficient of
each ion and its actual concentration in solution. The thermodynamic driving force for
crystallisation is given by the Gibbs free energy change accompanying the process, which
is correlated to SI, as proposed by Sloevink and Jenkins (1980), shown in equation (1).
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AG = (-2.303RT)SI (1)

where R is the ideal gas constant and T is the temperature. The equilibrium condition is
achieved when SI = 0 (expressed as a logarithm), IAP = Ksp and AG = 0. A state of
supersaturation occurs when SI > 0, IAP > Ksp and AG < 0 indicating that crystals may
be formed in solution. In an undersaturated system where crystals are not formed, SI <0,
IAP <Ksp and AG > 0.

In this study, PHREEQC® was applied to the calculations of ion speciation and
saturation index (SI) of different carbonates and magnesium hydroxide in chemically
defined alkaline precipitation systems. The PHREEQC® software is a speciation program
used to calculate saturation indices and the distribution of aqueous species whose mole
balance can be defined for any valence state or combination of valence states for an
element. A specified pH or any redox potential couple, for which data are available, is
used as a basis for the distribution of redox elements among their valence states. The
PHREEQC® software obtains a specified saturated index (or equilibrium) by adjusting
the concentration of an element (specified with a variety of concentration units) for
certain phase(s). This program uses ion-association and the Debye Hiickel expressions to
report the non-ideality of aqueous solutions, based on their activity coefficients. This type
of aqueous model is valid at low ionic strength (<0.1 mol kg™"). For higher ionic strengths
such as those typical of seawater, the model does not work. The ionic-strength term in the
Debye Hiickel expressions can be used to extend the range of applicability of the aqueous
model (Truesdell and Jones, 1974). Therefore, in sodium chloride systems, as the case of
reverse electrodialysis concentrate studied here, the model may be reliable at higher ionic
strengths. For high ionic strength solutions, the specific interaction approach to
thermodynamic properties of aqueous solutions should be used (Pitzer, 1979; Harvie and
Weare, 1989).

The use of modelling software such as PHREEQC® (Parkhurst and Appelo, 2013) for
predictions of the saturation indices of salts in aqueous systems based on thermodynamic
data is extremely helpful, due to the many equilibrium possibilities in carbonate systems
associated with scaling formation. This geochemical model is capable of simulating
equilibrium reactions between minerals and water, ion exchangers, mineral dissolution
and precipitation, surface complexation and other reactions (Parkhurst and Appelo, 2013;
Betrie et al., 2016; Song et al., 2015; Charlton and Parkhurst, 2011; Rock et al., 2001).

The Gibbs free energies of formation (AGP) of CaCOsi and MgCOse) are

—1,125 kJ mol~' (Mullin, 2001) and —1,007 kJ mol-! (Cheng et al., 2014), respectively.
For dolomite, the theoretical AG? is —2,147 kJ mol™! and the theoretical enthalpy of

formation of dolomite from a 50:50 mixture of calcite and magnesite (CagsMgosCOs(s))
calculated by Rock and co-authors was —11.56 + 2.20 kJ mol™! at room temperatures (25—
28°C) and 1 atm (Cheng et al., 2014). These negative values for Gibb’s free energy of
formation are typical of spontaneous reactions, but the nuclei of those with lower
activation energy are generated first (Sangwal, 2007). The Arrhenius activation energy
for calcite precipitation is about 10 kcal mol™ in the temperature range of 10-40°C
(Plummer et al., 1978; Nancollas and Reddy, 1971; Wiechers et al., 1975; Kazmierczak
et al., 1982). For hydrothermal and sedimentary dolomite, the respective activation
energies are in the ranges of 12.2-38 kcal mol™!' and 7-13 kcal mol™!, (Busenberg and
Plummer, 1982) and for magnesite precipitation, this energy is about 15.8-21.2 kcal mol~
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! (Faux et al., 1986). For brucite, the Arrhenius activation energy is about 10 kcal mol™!
(Pokrovsky and Schott, 2004; Vermilyea, 1969; Mejias et al., 1999).

The reactions between carbon dioxide and alkaline metals (Ca and Mg) in brines are
widely known and represented by equations (2) to (11) (Sloevink and Jenkins, 1980;
Sanjuan and Girard, 1996). These show the mechanism by which Ca and Mg carbonate
salts form in solutions supersaturated with respect to these salts.

COsgy <> COx4y) (2
COs(aq) + H204) > H2COs(4q) 3)
H,COs(4q) <> H,,p) + HCO34g 4)
COs(ag) + OH o) <> HCO3aq) ©)
HCO5(4g) <> H{,,) +COY,, ©)
Calt, +CO3,,, <> CaCOx @)
Calt, + HCOxaq) <> CaCOyy + H* ®)
Calt, + HCOy) +OH{yy <> CaCosiy + H,0 ©9)
Mg +CO%, . > MgCOx (10)
Call, + Mgk, +2C0%, <> CaMg(COy), (11)

The reactions (7), (10) and (11) are used to calculate the saturation index, but it is
important to mention that the carbonate activity depends on the carbonate ions
equilibrium, expressed by reactions (2) to (6) as well as (8) and (9), which depend on the
pH of the system. It has been reported that the presence of Mg modifies the calcium
carbonate polymorph and morphology. Three polymorphs exist and these include vaterite
which is usually spherical in shape, aragonite with a needle shape and calcite which has a
rhombohedral shape. It is known that their stabilities increase from vaterite to aragonite
to calcite. The first two phases are metastable phases, which can transform to the more
stable phase calcite at room temperature (Cheng et al., 2014).The presence of other ions,
particularly Mg?* can have an influence on the polymorph formed, hence morphology of
calcium carbonate which can also be altered due to the effect of impurity ions on the
precipitation kinetics and thermodynamics. The Mg?*/Ca?* activity ratio is important as it
indicates which phase of CaCOs; is likely to precipitate. In solutions with low Mg
concentration and Mg/Ca concentration ratio <3, precipitation of calcite is both
thermodynamically and kinetically favoured. With an increase in the Mg concentration
beyond Mg/Ca concentration ratio of 3, aragonite precipitation is favoured instead
(Rushdi, 1992; Cheng et al., 2014; Filippov et al., 2013; Wang and Mucci, 2012; Falini
et al., 2009; Pokrovsky, 1998; Wang et al., 2008; Han et al., 2006; Zhou and Zheng,
2001). Moreover, the Mg?* presence causes an inhibition effect on CaCO; growth, due to
the adsorption of Mg onto calcite nuclei surfaces, which either raises the surface free
energy or causes the formation of Mg-calcite carbonate of substantially higher solubility
(Bischoff, 1968; Pytkowicz, 1973; Katz, 1973; Lippmann, 1973; Kitano, 1962).
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The present study seeks to evaluate the removal efficiency of mineral scaling
precursors from an electrodialysis concentrate in order to mitigate the scale formation in
the subsequent desalination stage by evaporative crystallisation. The investigation is
based on a case study of an industrial effluent, herein termed, electrodialysis concentrate
(EDC) that is processed by an evaporative crystallisation pilot plant at a Brazilian oil
refinery. The pre-treatment of such brines is necessary to remove scale forming metals
and to improve the operational efficiency of downstream desalination processes with zero
waste discharge. Prior to experimental validation, hydro-geochemical modelling was
conducted and supersaturation indices calculated by PHREEQC® software (Parkhurst and
Appelo, 2013). The model provided important parameters such as the saturation index,
pH and mass yield for all the minerals likely to precipitate for each set of operational
conditions under study. The experimental results were then compared to the model
predictions to assess the validity of the model.

2 Methodology

2.1 Hydrogeochemical modelling

Hydrogeochemical modelling was conducted using PHREEQC Interactive® software
version 3.1.7-9213 (Parkhurst and Appelo, 2013) in order to simulate the alkalinisation of
EDC. It was assumed that the chemical reactions achieved equilibrium based on the law
of mass action, on the solubility product equations, as well as mass balance and charge
balance for the aqueous phase. The Davies equation was used to calculate the activity
coefficients of the ions in solution. The pH was controlled by varying the CO;
concentration, since H" ions can be produced by CO, dissolution in water according to
reactions (2) to (4). The Lawrence Livermore National Laboratory database, ‘llnl.dat’,
was used. The hydrogeochemical modelling presented the chemical composition,
physical-chemical parameters of the solution and the mass yields of the solids
precipitated for each chemical dosage studied.

2.2 Alkaline precipitation

Precipitation experiments were conducted using the electrodialysis concentrate from a
wastewater unit in a Brazilian oil refinery. The ionic composition, total organic carbon
(TOC), total dissolved solids (TDS) and pH of this stream are shown in Table 1.

Table 1 Mean chemical composition, TOC, TDS and pH of the EDC

Total
Parameters alkalinity Na Ca Mg SO;- Sr Ba TOC TDS pH
(as CaCOs)
Values mgL-! 204 1008 213 53 316 10 1.3 43 354 7.6

(except pH)

The reactions were conducted in Pyrex/Duran® glass jars under stirring by means of
overhead electric driven straight blade impellers. A volume of 1 litre of the EDC was
added to each of the six jars for the experimental runs. Analytical grade NaOH and
Ca(OH), were used to adjust the pH and to achieve the precipitation conditions. The
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quantities of alkaline reagent added were 0.02, 0.04, 0.06, 0.07, 0.08 and 0.09 wt.%
(expressed as a fraction of the weight of EDC not the total weight after reagent addition)
for both reagents in each jar separately. These were achieved by dosing the respective
volumes of 8, 16, 24, 28, 32 and 36 mL of 25 gL.-! Ca(OH), stock solution or 5, 10, 15,
17.5, 20 and 22.5 mL of 40 gL-! NaOH aqueous solutions, which were prepared in
advance and kept under agitation during pipetting. After addition of the alkaline reagent,
the solutions were stirred at 300 rpm for 2 minutes followed by 100 rpm for 40 minutes.
The speed was reduced in order to avoid the breakage of flocs. In sequence, the
precipitate was subjected to gravitational settling for 5 minutes. The pHs of the solutions
were monitored in all experiments using a Digimed pH meter. The final pHs after
precipitation were in the range 9—12 for Ca(OH), and 10—13 for NaOH experiments. The
total dissolved solids (TDS) were determined by the correlation between TDS and
conductivity.

The solids were then vacuum filtered using a 0.25 pm pore nitrocellulose/nylon
membrane. The solids were dried for 24 h at 60°C in an oven. Powder X-ray diffraction
(XRD) was employed to identify the crystalline phase(s) present in the solid precipitates
obtained. The morphology of the precipitates was observed using scanning electron
microscopy (SEM) and energy-dispersive spectroscopy (EDS) was used to obtain the
surface elemental composition. The concentrations of Ca, Mg, Na, Sr and Ba in the
aqueous filtrate and EDC were measured using inductively coupled plasma optical
emission spectrometry (ICP-OES). The total organic carbon (TOC) and inorganic carbon
(IC) in the electrodialysis concentrate (EDC) and filtrate were quantified by the oxidation
method associated with catalytic combustion at temperatures of approximately 680°C and
an infrared detector using the Shimadzu chromatograph, model TOC-VCPN, sampler
ASI-V Shimadzu. All experiments were carried out in triplicate under room temperature
of 25°C.

3 Results and discussion

3.1 Hydrogeochemical modelling and alkaline precipitation

The results obtained by PHREEQC® (Parkhurst and Appelo, 2013) calculation are
coherent with experimental results where rapid precipitation of the salts occurred as
indicated by the high removal efficiencies with rapid increase of pH, hence higher
supersaturation (see Tables 2 and 3). The results indicate a reduction in the incrustation
potential of the EDC after precipitation effected by alkaline treatment especially with
caustic soda. Table 2 presents the mass yield of the mixed-solid precipitates and the final
pH obtained after addition of lime and caustic soda for three experimental replicates.
These are compared to the respective modelling results obtained using PHREEQC®
(Parkhurst and Appelo, 2013).

A linear correlation was observed for lime experiments between the experimental
mass of mixed-precipitate and the concentration of lime for both experimental and
modelling results. For Ca(OH), dosages greater than 0.06 wt.% (pH > 11.20), the mass of
precipitate obtained was almost twice that obtained by similar NaOH dosages
(pH > 12.00). However, when considering the modelling results for NaOH experiments,
the mass of precipitate did not increase in accordance with experimental results and the
reason for this is not quite clear. The experimental mass of solid precipitates increased



Removal of mineral scaling precursors from electrodialysis concentrate 27

with increase in pH for both lime and NaOH experiments due to increase in the
concentration of OH~ ions in solution, thereby increasing the supersaturation. Whilst
calcium forms more insoluble salts when compared to sodium, the higher precipitate
mass obtained with Ca(OH);, is attributed mainly to precipitation of the added Ca?" ions
in addition to the Ca?" already present in solution. This is supported by the fact that
addition of Ca(OH); resulted in final solution concentrations that were higher than those
obtained with NaOH despite having a higher precipitate mass (see Table 2). In addition,
for both lime and caustic soda, alkaline dosages of 0.04 wt.% raised the pH to 10 and
higher, whereby the CO3~ ion is predominant in solution and these favours the

precipitation of carbonate salts such as calcium carbonate.

Table 2 Mass of solids precipitated and pH obtained

Reagent/ Mass of precipitate [g] PpH [45 min]
Solution ratio [wt.%] Modelling Experimental Modelling Experimental
Lime 0.02 0.25 0.20 +£0.01 8.83 8.73+£0.16
(Ca(OH)) 04 0.52 0.42 +0.01 9.58 9.19%0.19
0.06 0.64 0.55+0.02 11.20 11.28 £ 0.13
0.07 0.76 0.60 +0.02 11.29 11.50 £0.08
0.08 0.84 0.62 £0.02 11.43 11.65+0.11
0.09 0.94 0.67 £ 0.02 11.53 11.85+0.20
Caustic soda  0.02 0.23 0.13+0.03 9.62 9.77 £0.19
(NaOH) 0.04 0.1 0.42 £ 0.09 11.72 11.20 +0.34
0.06 0.11 0.36 = 0.01 11.97 12.08 £0.25
0.07 0.11 0.35+0.01 12.05 12.15+0.25
0.08 0.11 0.38 £0.01 12.12 12.30 £ 0.22
0.09 0.11 0.35+0.01 12.18 12.48 £0.27

The TDS decreased very slightly with increase in lime concentration while it increased
with increase in NaOH concentration as shown in Figure A.l in the supporting
information. The slight decrease in TDS caused by lime is due to precipitation of some or
all of the added Ca?" and OH~ ions accompanied by solution volume reduction while the
increase in TDS caused by NaOH is due to increase in the concentration of a
non-precipitating ion, Na*.

The total organic carbon (TOC) remained almost constant in the range 33 to 41 mgL-!
with increase in alkaline reagent concentration (Figure 1) indicative of null degradation
or removal of organic compounds from the EDC which ranges from 33 to 41 mgL-!. This
organic content is responsible for the formation of foam in the evaporative crystalliser,
which disturbs the operations of the process. It is verified that the organic contaminants
(polymeric electrolytes possessing acidic oxygen-containing residues such as phenol
group (Becheleni et al., 2014) cannot be removed by coprecipitation or adsorption onto
CaCOs; (Effenberger et al., 1981). On the other hand, as expected, the inorganic carbon
(IC) concentration in aqueous solution decreased with the increase in alkaline
concentration. The reduction in IC obtained lime was ca. 80% and 96% for dosages of
0.04 and 0.06 wt.%, respectively, while for caustic soda addition, the reduction was ca.
90% for alkaline dosages > 0.04 wt.%, see Figure 1. However, the discrepancies observed
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between lime and caustic soda could be possibly due to analytical errors since the
standard deviations of the final concentration values overlap for both alkaline reagents.
The IC concentration reduction in solution also confirms the precipitation of carbonates.

Figure 1 Total organic carbon (TOC) and inorganic carbon (IC) concentrations profiles
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Table 3 Removal of metals from electrodialysis concentrate (EDC) and pH of solutions after

45 minutes of experiment

gsftignt/mtio [wt. %] G Removal £ PH (45min)
a Mg Ba Sr
Lime 0.02 33.8 1.28 415 213 8.73+0.16
0.04 419 1.68 48.9 26.00 9.19+0.19
0.06 43.9 28.67 58.5 30.1 11.28 +0.13
0.07 43.7 58.69 62.2 33.1 11.50 + 0.08
0.08 42.1 93.10 63.0 33.1 11.65+0.11
0.09 38.5 99.08 62.2 32.6 11.85+0.20
Caustic ~ 0.02 37.4 20.4 63.0 34.6 9.77 +0.19
soda 0.04 >99.8 76.2 89.6 85.0 11.20 +0.34
0.06 >99.8 99.6 91.1 83.3 12.08 + 0.25
0.07 >99.8 99.8 78.5 59.2 12.15 £ 0.25
0.08 >99.8 99.9 80.7 61.6 12.30 £ 0.22
0.09 >99.8 99.9 84.4 66.5 12.48 £ 0.27

Table 3 shows the percentage reduction in the quantities of scale-forming metal ions.
Alkaline precipitation of salts from electrodialysis concentrate caused a reduction in the
concentrations of Ca (44%), Mg (29%), Ba (59%) and Sr (30%) in solution when lime
was used as the alkaline reagent at a concentration of 0.06 wt.%. The dosage of up to
0.04 wt.% of caustic soda achieved a calcium reduction of >99.8%. A magnesium
removal of 76% to 99.6% was achieved with dosages of 0.04-0.06 wt.% NaOH. It is also
important to highlight the barium concentration reduction of 63 to 90% and a maximum
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of 85% of strontium removal for a dosage of 0.04 wt.% NaOH, since they are scale
forming elements. It is observed that Ca(OH)2 addition caused the biggest precipitation
in mass, since the calcium added also precipitates, while NaOH addition was more
efficient for Ca removal (see Figure 3 and Tables 3 and 4). Table 4 shows the final Ca
concentrations attained for both lime and caustic soda experiments.

Table 4 Final Ca concentrations attained

Reagent/ Lime experiments Caustic soda experiments
Solution ratio [wt.%] Ca (mgL™) Ca (mgL™)

0.00 212.53 +34.91 212.53 £34.91

0.02 140.62 + 36.61 133.03 + 18.60

0.04 123.52 + 30.36 Not detected

0.06 119.32 +28.96 Not detected

0.07 119.67 + 34.46 Not detected

0.08 123.14 £ 39.28 Not detected

0.09 130.71 +45.19 Not detected

Figure 2 Mean pH values as a function of time for lime and caustic soda additions
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During the precipitation experiments, the pH was monitored for all dosages of lime and
caustic soda (Figure 2). It was noted that the pH increased from its initial value (7.58) to
the equilibrium point as predicted by PHREEQC® modelling (Parkhurst and Appelo,

2013).
Figure 3 Variation of the final metal concentrations in solution with pH for (a) caustic soda and
(b) lime
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The pH stabilised around 8 for lime addition [Figure 3(a)] and approximately 10 for
caustic soda addition after 144 hours in agreement with the final pH value predicted by
PHREEQC®. The pH values obtained after stabilising for 48 hours are almost close to the
equilibrium values especially for lime experiments, showing that near-equilibrium
conditions can be attained within 48 hours. Upon addition of 0.04 wt.% of caustic soda
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solution for 0.75 h, the pH increased to ca. 11, causing the formation of carbonate solids
with less reagent consumption compared to lime which required 0.06 wt.% to achieve the
corresponding pH. This is confirmed by the high removal efficiencies of Ca and Mg upon
addition of 0.04 wt.% of NaOH reagent (Table 3). Figure 3 presents the variation of the
concentration of metals (Ca, Ba, Mg, Sr and Na) in solution with pH. An abrupt reduction
in calcium and magnesium content upon adding NaOH reagent solution was observed
[Figure 3(a)], at pH of about 11, achieving concentration levels below the detection limit
of ICP-OES. In contrast, for the same pH condition in the case of lime, calcium
concentration starts to increase [Figure 3(b)]. This could be due to the onset of Mg salt
precipitation, possibly Mg(OH),, shown by the sudden reduction in Mg concentration
upon increasing the pH from ca. 9 to above 11, notable for both alkaline reagents.
However, it is postulated that the plateauing and subsequent increase in Ca concentration
observed for lime arises from the continual addition of Ca ions, whose hydroxide and
carbonate precipitation is likely suppressed at pH > 9 due to precipitation of Mg(OH),. In
support of this postulation, Gabelich et al. (2007) reported that Mg(OH), becomes
supersaturated at pH > 10 while Ca(CO)s which attains supersaturation at lower pH > 6.5
tends to constant supersaturation at pH > 10 as pH is increased. On the contrary, the Ca
concentration continued to decrease with increase in pH for caustic soda since there were
no Ca?" ions introduced in the system. These results indicate that the addition of
0.04 wt.% of caustic soda is optimal for removal of low solubility salts from the reverse
electrodialysis concentrate.

3.2 Solid phases precipitated

Figure 4 shows the XRD diffractograms of the mixed precipitate samples obtained at
different lime and caustic soda dosages. The phases predicted by modelling and those
obtained experimentally, as confirmed by XRD, are in concordance. However, not all the
phases indicated by modelling were exactly obtained experimentally because
PHREEQC® (Parkhurst and Appelo, 2013) does not consider the reaction kinetics.

Calcite (CaCOs) and dolomite (CaMg(COs),) are obtained both, theoretically and
experimentally as presented in the diffractograms in Figure 4. However, calcium
carbonate can be considered as the main low solubility salt and precursor of scaling on
evaporative crystalliser walls since it is the most frequent phase shown by the
diffractograms (Figure 4). Powder XRD characterisation confirmed the formation of
calcite as the main phase formed for all experimental conditions. Brucite, Mg(OH),, was
detected in some experimental conditions with very low intensity peaks, as depicted in
Figure 4. At a caustic soda concentration of 0.04 wt.%, CaMg(CO3), was the main phase
indicated by XRD and since its peaks are almost coincident with those of the calcite
phase, it is reasonable to consider co-precipitation of Mg with the calcite phase. Gabelich
et al. (2007) also identified calcite and brucite in their solid precipitates.

The precipitated phases are also in agreement with those obtained by Santos et al.
(2017) upon injection of carbon dioxide into the same stream as the one used in the
present work, whereby the authors identified CaCO3 and Mg(OH), as the major phases
formed at 35°C. The presence of precipitates with the dolomite crystal structure [e.g.,
calcite and magnesite according to Effenberger et al. (1981)] was expected to be the third
main type of salts.
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Figure 4 X-ray diffractograms of the mixed-solid precipitates for lime and caustic soda additions
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As the Mg/Ca activity ratio of the solution rises, eventually dolomite saturation is reached
after calcite and magnesium hydroxide precipitation. The difficulty of dolomite formation
from saline solution is related to the rapid carbonate precipitation rate of metastable
phases, which consumes the calcium and magnesium ions and the high hydration energy
of the magnesium ion (Rushdi, 1992). This probably hinders the formation of dolomite
first in the saline solution due to the low Mg/Ca initial ratio of about 0.23 in the
electrodialysis concentrate. This ratio becomes even lower after lime addition in the
beginning of the precipitation. Also, as mentioned before, the Arrhenius activation energy
for dolomite is in the range of 12-38 kcal mol™' (Busenberg and Plummer, 1982), a
superior value compared with that of calcite, around 10 kcal mol~! (Plummer et al., 1978;
Nancollas and Reddy, 1971; Wiechers et al., 1975; Kazmierczak et al., 1982) and brucite,
10 kcal mol™! (Pokrovsky and Schott, 2004; Vermilyea, 1969; Mejias et al., 1999).
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Reaction rates are dependent on temperature, grain size, diffusion transport and sites
of nucleation at borders (Carlson and Gordon, 2004; Hacker et al., 2005). Dolomite can
be formed at low temperatures as disordered dolomite (Montes-Hernandez et al., 2016).
In natural conditions, the formation of dolomite at ambient temperature is virtually
impossible. According to Montes-Hernandez et al. (2014), 50% ordered dolomite
required about 90 days at 200°C to be formed. Actually, at ambient temperature, high
magnesium-bearing calcite is precipitated first, acting as a precursor for dolomite
formation maintaining a constant carbonate alkalinity.

Davis et al. (2011) investigated the growth kinetics of dolomite and calcite at 800°C.
The rate constant for the growth of dolomite was about 10-5 um? s!, according to the
authors, which were four orders of magnitude smaller than that of calcite (0.1 pm? s™!). In
addition, the highest rate constant of calcite growth is obtained when there is extensive
Mg substitution for Ca, while dolomite has the lowest growth rate constant at
insignificant concentration of Mg in solution.

As noted in Figure 4, in the case of alkalinisation using caustic soda, calcite was the
more frequent phase obtained under all experimental conditions except for the
experiments with >0.04 wt.% caustic soda where CaMg(COs), was also detected;
possibly this phase corresponds to a high magnesium-bearing calcite phase. Mg(OH),
was only detected by XRD at caustic soda dosages of greater or equal to 0.06 wt.%. The
precipitation of Mg(OH),, CaCO; and CaMg(COs), was predicted by the
hydrogeochemical modelling software, but it does not consider the kinetics of these
reactions.

3.3 Solids qualitative elemental composition and morphology

Figure 5 shows the elemental composition of the precipitates obtained from experiments
conducted with 0.04 wt.% of lime and caustic soda, as detected by EDS. The
semi-qualitative elemental composition obtained reveals high levels of calcium (Ca),
medium quantities of carbon (C) and oxygen (O) and very low amounts of magnesium
(Mg), silicon (Si) and strontium (Sr). This confirms the predominance of calcium and
magnesium bearing carbonate/hydroxide salts, followed by magnesium hydroxide as
solid precipitates for both cases.

Figures 6(a) to 6(f) present the size and morphology of the precipitates formed in lime
and caustic soda experiments (0.04 wt.% and 0.09 wt.%). The particle sizes of the
precipitates decreased with an increase in alkaline dosage due to increased
supersaturation which favoured nucleation over growth [compare Figure 6(a) with
Figure 6(c) for lime dosages of 0.04 and 0.09 wt.%, respectively, and Figure 7(d) with
Figure 7(f) for the corresponding caustic soda dosages). Moreover, the proportion of
smaller particles (<1 um) identified in agglomerates was much higher for lime
experiments than for caustic soda experiments, see Figures 6(b) and 6(E), respectively.
The later had some well-faceted crystals of sizes greater than 5 pm. The higher
supersaturation associated with lime addition therefore favours nucleation over growth
and promotes secondary processes such as aggregation and agglomeration.



34 E.M.A. Becheleni et al.

Figure 5 SEM EDS analyses of precipitates obtained by dosing 0.04wt.% of lime and caustic
soda
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The precipitates formed in both lime and caustic soda experiments were agglomerates of
crystals with rhombohedral morphology, typical of calcite, as presented in Figure 6.
Rhombohedral calcite particles in the aggregates [Figure 6(b)] as well as slightly
elongated particles, typical of aragonite [Figure 6(f)] are morphologies commonly
reported for calcium carbonate particles in the presence of magnesium (Zhou and Zheng,
2001). It is possible that with increase in the alkaline reagent concentration, the
metastable phase, vaterite, could have precipitated, hence some spherical shapes.
However, direct detection of the polymorphs by powder XRD was difficult due to
presence of a mixture of precipitates in this case. Various authors have reported that
calcium carbonate morphology is susceptible to many factors especially pH, temperature,
supersaturation and presence of impurities (Rushdi, 1992; Cheng et al., 2014; Filippov
et al., 2013; Wang and Mucci, 2012; Liu et al., 2011; Falini et al., 2009; Wang et al.,
2008; Han et al., 2006; Zhou and Zheng, 2001). As reported by Wang et al. (2008), the
morphology transition of CaCO3; may also be related to an increase in Ca concentration.
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Figure 6(e) also shows a multistep aggregation mechanism of calcium carbonate particles
most likely as calcite and vaterite, according to Zhou and Zheng (2001) in aqueous
solution as shown by the progressively increasing sizes of the aggregates with flower,
elongated and rhombohedral shapes.

Figure 6 Solid precipitates after addition of lime [(a)-(b) 0.04 wt.% (c) 0.09 wt.%] and caustic
soda [(d)-(e) 0.04 wt.% (f) 0.09 wt.%)]

The precipitates obtained by alkaline precipitation may be indispensable in the
evaporative crystallisation pilot plant as seeds. This would promote secondary nucleation
of sparingly soluble salts in the bulk of the solution rather than nucleation on the
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crystalliser walls, thereby minimising scaling and substantially improving NaCl removal
from the EDC.

4 Conclusions

In this work, pre-treatment of an electrodialysis concentrate (EDC) by alkaline
precipitation using lime and caustic soda reagents has been presented with the aim to
minimise scale formation in the downstream evaporative crystallisation process. It has
been demonstrated that alkaline precipitation was an effective method for removing
scale-forming salts such as calcium carbonate and magnesium hydroxide from the reverse
eletrodialysis concentrate. The highest removal of Ca was achieved by addition of
0.04 wt.% of caustic soda, with a Ca reduction of 99.8% and a Mg reduction of 76.2%
from the saline concentrate. The Mg removal increased to 99.6% upon increasing the
dosage of caustic soda to 0.06 wt.%.

The results obtained by modelling with PHREEQC® were consistent with the
experimental results obtained. The results indicate a reduction in the incrustation
potential of electrodialysis concentrate after precipitation effected by alkaline treatment,
especially with caustic soda. Powder XRD and SEM-EDS also confirmed the dominance
of calcium and magnesium species in the solid precipitates, which are the two main scale
forming metals in the EDC.

The removal of calcium and magnesium from the electrodialysis concentrate would
reduce the formation of mineral scale during the downstream evaporative crystallisation
process. It is recommended to use a portion of the precipitate obtained during the
pre-treatment process for seeding in the evaporative crystallisation process. This would
promote secondary nucleation in the bulk solution and further reduce nucleation, hence
scale formation on the crystalliser walls.
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Supporting information

A The variation of the TDS with increasing alkaline reagent concentration

Figure A.1  Total dissolved solids (TDS) as a function of alkaline reagent/solution ratio
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