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Calcium hydroxide (Ca(OH),), a commodity chemical, finds use in diverse industries ranging from food, to
environmental remediation and construction. However, the current thermal process of Ca(OH), production
via limestone calcination is energy- and CO,-intensive. Herein, we demonstrate a novel agueous-phase
calcination-free process to precipitate Ca(OH), from saturated solutions at sub-boiling temperatures in
three steps. First, calcium was extracted from an archetypal alkaline industrial waste, a steel slag, to
produce an alkaline leachate. Second, the leachate was concentrated using reverse osmosis (RO)
processing. This elevated the Ca-abundance in the leachate to a level approaching Ca(OH), saturation at
ambient temperature. Thereafter, Ca(OH), was precipitated from the concentrated leachate by forcing

. 4 4th October 2020 a temperature excursion in excess of 65 °C while exploiting the retrograde solubility of Ca(OH),. This
eceived 4th October . . o . .
Accepted 10th December 2020 nature of temperature swing can be forced using low-grade waste heat (=100 °C) as is often available at
power generation, and industrial facilities, or using solar thermal heat. Based on a detailed accounting of
DOI: 10.1039/d0ra08449b the mass and energy balances, this new process offers at least =65% lower CO, emissions than

rsc.li/rsc-advances incumbent methods of Ca(OH),, and potentially, cement production.
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Introduction

Calcium hydroxide (Ca(OH),), also known as portlandite, slaked-
or hydrated-lime finds wide use in industries and applications
such as: soil stabilization in road and building construction,™*
bleaching in the Kraft paper process,’ and as a flocculant in water
treatment.*® According to the U.S. Geological Survey (USGS),
global lime (Ca(OH), and CaO) production was 420 million
metric tons (t) in 2018.° Moreover, Ca(OH), is of interest in the
climate change context because it can uptake/sequester CO, to
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form calcium carbonate (CaCO3).”® For example, 1 t of Ca(OH),
can uptake 0.59 t of CO,. Thus, any process that emits less than
0.59 t of CO, over the course of Ca(OH), production has the
potential to achieve a “carbon-negative” outcome. Carbonation
reactions can also result in cementation.>'® This is significant as
the ability to utilize Ca(OH), as a cementation agent," or indeed
as a feedstock (for CaO) could greatly diminish the CO, emis-
sions associated with traditional cement (“ordinary portland
cement”: OPC) production. Today, however, the production of
Ca(OH), features a CO, footprint similar to OPC production (~1 t
of CO, per t of Ca(OH), produced). This is because Ca(OH),
production, similar to OPC production is based around the age-
old process of limestone calcination (i.e., thermal decomposi-
tion, which results in the desorption of the “mineralized CO,”
bound within the limestone and accounts for =65% emissions
associated with the process; the remainder being from the
combustion of fossil fuels to power kiln operations) at =900 °C
to produce CaO,'>* the precursor of Ca(OH),; that is subse-
quently granulated and hydrated (i.e., contacted with water) to
produce Ca(OH),. In addition, the process requires quarried
limestone that not only consumes nonrenewable mineral
resources, but also disrupts ecosystems, and causes pollution
and biodiversity destruction.'***

Ca-Containing alkaline wastes accrue as a waste-/by-product
of numerous large-scale industries. This includes, for example,
slags from iron and steel production, and fly ashes from coal
combustion. These materials are not only produced in large
amounts on an ongoing basis, but there exist tremendous

© 2021 The Author(s). Published by the Royal Society of Chemistry
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historical reservoirs of these materials in the U.S. and across the
world.**® For example, even now the U.S. produces greater than
17 million t of slag"*® and 91 million t of coal combustion
residuals. Of the latter, only 58% are beneficially utilized.** And,
global waste reservoirs host well over a billion tons of slag,'® and
tens of billions of tons of fly ash,*** based on broad estimates.
Underutilized quantities of alkaline wastes, ie., fly ashes and
slags, are routinely disposed in landfills, which not only implies
a waste disposal cost (“tipping fees”, NB: the average tipping fee
in the U.S. is on the order of $50 per t),** but can also result in
environmental damage.”**>® Therefore, with a specific goal of
enhancing waste utilization, resource recovery and reutiliza-
tion, and circular economy, we demonstrate an approach to
extract Ca-from alkaline industrial wastes,**** and produce
Ca(OH), via a calcination-free process. While herein we focus on
alkaline industrial wastes, of course, the broad contours of this
process are also applicable to alkaline rock species, which
although harder to solubilize unless externally stimulated,**?*
offer the potential to offer a near-limitless source for alkaline
element extraction.

New concept

The conceptual basis of our new process involves the leaching/
dissolution of Ca-bearing wastes to mobilize Ca-species in
solution (see process flow diagram, Fig. S171). This results in an
aqueous Ca-abundance that is typically substantively lower than
the saturation concentration of Ca(OH), (~21.2 mmol L " at pH
=12.475 and T = 25 °C (ref. 34)).>**"* Therefore, it is necessary
to concentrate the leachate by a factor of 2 or more times
depending on the initial Ca-content of the leachate. Such
concentration is achieved by reverse osmosis (RO) based ion-
separations wherein by means of size and/or charge exclu-
sion;* divalent cations (e.g., Ca**, Mg**) can be enriched in the
retentate stream. RO is used to achieve large production rates of
saturated solution and to improve the energy efficiency of the
concentration process. The retentate is then subjected to
a temperature swing, e.g., using low-grade waste heat (=100 °C)
as derived from the flue gas of a power plant or another heavy
industry operation, wherein the retrograde solubility of Ca(OH),
(ref. 37) ensures its precipitation to an increasing extent with
increasing temperature. The advantage of such a low-
temperature approach is straightforward: it obviates the need
for limestone's decarbonation and eliminates the associated
CO, emissions. Moreover, the precipitation step can be
accomplished at ambient pressure and at sub-boiling temper-
atures, enabling its deployment using a wide range of potential
waste heat streams including coal power plants and combined
cycle natural gas power plants.*® Besides, operating at temper-
atures above 100 °C would be energetically inefficient due to the
low solubility of Ca(OH), in water®* and the large heat of
vaporization of water. These general characteristics facilitate
process intensification (PI) by renewable electrification and/or
renewable heat (solar thermal) integration. Towards this end,
we establish the feasibility of the low-temperature process,
assess its limitations, and finally compare its energy and CO,
intensity to incumbent methods.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Materials and methods
Slag leaching

Slag leachates were prepared by contacting 1, 3, 5, and 10 g of
a technical basic oxygen furnace (BOF) slag (i.e., a crystalline
slag}) with 100 mL DI water to achieve solid to liquid mass
fractions (s/I) of 0.01, 0.03, 0.05, and 0.1, respectively. To
prepare the slag for leaching, slag fines (<9.5 mm) were dried at
70 °C for 24 h, ground for 1 hour in a planetary ball mill (MSK-
SFM-1), and manually sieved to retain particles with a size lower
than 106 pm. Batch leaching was conducted in 200 mL plastic
bottles under either unstirred or stirred conditions at room
temperature. Stirring was controlled using a Corning LSE
orbital shaker (6780 NP) at 200 rpm. Solution aliquots of 2 mL
were extracted after 0, 5, 10, 30, 60, 180, 360 and 720 minutes for
analysis of total dissolved calcium, silicon, sodium, aluminum,
and magnesium analysis using a PerkinElmer Avio 200 induc-
tively coupled plasma - optical emission spectrometer (ICP-
OES). Prior to elemental analysis, the samples were filtered
through 0.2 pm syringe filters and then diluted in 5 vol% HNO;.
The ICP-OES was calibrated using standard solutions contain-
ing the elements of interest in concentrations of 0, 0.1, 1, 10, 25,
50, and 100 ppm which were prepared using analytical (1000
ppm) standards purchased from Inorganic Ventures.

The chemical composition (in mass%) of the simple oxide
constituents of the slag was measured using X-ray fluorescence
(XRF). The BOF slag was dominantly composed of CaO (38
mass%), followed by Fe,O; (31%), SiO, (13%), MgO (6%), and
Al,O3; (4%). This information was used to quantify calcium
nCaAsln(t)
N caslag
are the moles of calcium in the solution at time ¢, and n1¢, g1ag are
the moles of calcium in the solid slag as measured by XRF. The
calcium leaching rate 71, (in mmolc,/ h™) at time ¢ was defined
[Cal(t, S/L)

t
is the leaching time. The leaching rate affects the production
rate (“yield”) of Ca(OH),, and the efficiency of slag valorization
because, from stoichiometry, one mole of Ca-leached from the
slag should produce one mole of Ca(OH), as per the reaction:
Ca®" +20H™ < Ca(OH),.

extraction (Xg,) according to: Xc, = , where 7, gin(t)

as: Ngy = Vi, where Vj, is the solution volume and ¢

Reverse osmosis (RO) concentration

RO concentration was carried out using two calcium-rich alka-
line solutions, namely a reagent grade Ca(OH), solution and
a slag leachate solution. Reagent grade Ca(OH), was added to
1 L deionized (DI) water (resistivity = 18.2 MQ cm) to produce 5
and 10 mmol L™ ! (mM) reagent grade Ca(OH), solutions. On the
other hand, the slag leachate was prepared by leaching, over

1 Crystalline slags, unlike their amorphous counterparts (e.g., of which, the latter
find use as cement replacement agents, that is, as supplementary cementitious
materials: SCMs) - on account of their unreactive nature - are considered to be
a low-value waste that is difficult to valorize, and that is often associated with
a waste disposal (tipping) fee. For this reason, and in view of their Ca-based
alkalinity which is equivalent to amorphous slags, we intentionally sought to
use these less-reactive materials as a feedstock in our low-temperature process.
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time, 150 g of as-received basic oxygen furnace (BOF) slag into
3 L of DI water (s/l = 0.05) at 25 °C. The concentration of total
dissolved calcium [Ca] in the solution after leaching was
generally in excess of 14 mM, whereas sodium, potassium,
silicon, and aluminum impurities were present in concentra-
tions lower than 0.1 mM, as measured by ICP-OES. The
concentration of [Ca] in the leachate was adjusted to 5 mM and
10 mM by dilution with DI water to obtain 1 L of solution.
Thereafter, the solutions were concentrated using a cross-flow
flat-sheet membrane cell (FR42 Sterilities Corp.) fitted with
thin film composite (TIC) polyamide RO membranes sourced
from Dow Filmtec® (BW30XFR) with an active area of 42 cm?.
Prior to each experiment, the membranes were pre-treated by
soaking them in DI water for at least 24 hours. A new membrane
was used for each experiment to ensure reproducibility. Addi-
tionally, a gear pump (GJ Series Micropump®) was used to
pressurize the Ca-containing solutions through the membrane.
Furthermore, 99% pure Ny at atmospheric pressure was
continuously bubbled into the feed tank at a flowrate of 0.02
L min~" to minimize the presence of atmospheric CO, and to
avoid the carbonation of the alkaline Ca-rich solution, and the
resulting (undesirable) formation of CaCOs.
The feed stream, with an initial Ca-concentration [Ca]; of 5 or
10 mM, was pressurized through the RO membrane at constant
flow rate of 120 mL min~ ' and gauge pressure of 413 kPa. A by-
pass line was used to maintain a constant feed pressure
throughout the duration of the experiment. The retentate was
recirculated back to the feed tank for further concentration
while the solution that permeated through the membrane was
collected in the permeate tank. The concentration of calcium as
a function of time was measured by taking 5 mL aliquots from
both the feed [Cals and the permeate [Ca], tanks every hour.
Additionally, the permeate mass flow rate was monitored using
an analytical balance (mass resolution: 1 mg) and a timer. A
schematic of the RO experimental setup is shown in Fig. S2.f
The performance of the RO system was assessed based on three
typical metrics: (i) the water recovery Y, (ii) the salt rejection R,
and (iii) the concentration factor CF. The water recovery Y (in
%), represents the ratio of water volume recovered as permeate
Vp (in L), to the initial volume of solution V; (in L), Z.e.,* Y = %.
1
Note that in industrial systems, the water recovery Y ranges
typically between 35-85%.** In addition, salt rejection R (in
%) represents the fraction of dissolved species that did not pass
to the permeate side i.e., the percentage of Ca-rejected by the

o » [Ca; —[Ca],
membrane which is expressed as:** R = “ca, ) where
£

[Ca]s and [Ca], are the Ca-concentration in the feed and
permeate solutions, respectively. For reference, NaCl rejection
ranges from 95-99% for the membrane used herein. Finally, the
retentate concentration factor CF, and the permeate concen-
tration factor CF,, were respectively defined as the ratio of [Ca]s
and [Ca], to the initial calcium concentration in solution [Ca];.*®

Following concentration, scaling was observed on the RO
membranes. To analyze the mineral scale formed, the
membranes were dried for 24 h under vacuum conditions.

1764 | RSC Adv, 2021, 1, 17762-1772
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Thereafter, carbon tape was used to remove the scale and to
mount it on a metallic support. The morphology and elemental
composition of the dried solids were evaluated using a FEI Nova
230 Scanning Electron Microscope fitted with an energy
dispersive (SEM-EDS) X-ray analyzer under high vacuum
conditions and at an accelerating voltage of 15 kV.

Ca(OH), precipitation by temperature swing

Ca(OH), precipitation was carried out by adding reagent grade
Ca(OH), to 100 mL DI water to obtain solutions saturated in
Ca(OH), at 25 °C (~21 mM).” In addition, the actual slag
leachate obtained following RO concentration was also utilized
in the precipitation experiments. The experiments were carried
out by placing the solutions in a stirred jacketed glass reactor,
which was connected to a circulating water bath (Polyscience
ADO7R-20) that was thermally equilibrated at 25 °C. The reactor
was sealed with Parafilm™ to minimize evaporation and Ny
was bubbled through the solution to inhibit CO, dissolution in
water and the subsequent carbonation of Ca(OH),. To exploit
the (inverse) solubility dependence of Ca(OH), with tempera-
ture and to induce precipitation, the solution temperature was
increased by circulating hot water through the jacketed reactor.
Reagent grade Ca(OH), solutions were heated to 85 °C at
(actual) heating rates (d7/d¢) of 10 °C h™*,27°Ch ™", and 54 °C
h™'. The solution's electrical conductivity Oexpy PH, and
temperature 7 were measured continuously using a Thermo-
Scientific Orion Versa Star meter. These measurements were
used to determine the onset of Ca(OH), precipitation and the
[Ca] concentration in  solution  according  to:,*
Oexp = »_2iCiAi(T), where J; is the equivalent conductivity, z; is
1

the valence, and ¢; is the concentration of each ionic species (i =
Ca®", OH"). The equivalent conductivity of any ionic species ;
was calculated from the Onsager relations expressed as:*” A,(T) =
M{T) — S{T)I'""%, where J; is the ionic conductivity of an ionic
species at infinite dilution, S is a parameter dependent on the
temperature, viscosity, and dielectric constant of the medium,
and I is the ional concentration of the solution (see ESIT).*” In
the case of precipitation using the concentrated slag leachate,
the temperature was increased to 70 °C at a fixed rate of 27 °C
h™"

To confirm the composition of the precipitates, following
precipitation, the solution was vacuum filtered using Whatman
filters (3-5 pum pore size) and a heated ceramic funnel to
minimize the redissolution of the precipitated Ca(OH),. The
crystals were then dried in an initially N,-purged desiccator
for 24 h under vacuum at room temperature to remove water
and minimize the carbonation of Ca(OH),. The dried solids
were placed on a carbon tape for morphology and elemental
analysis using SEM-EDS, as previously discussed. Further,
a small amount (~3 mg) of dried Ca(OH), crystals were char-
acterized using thermogravimetric analysis (TGA) using a Per-
kinElmer STA 6000. To do so, the sample was initially
equilibrated at 35 °C for 5 min to establish a mass baseline and
then heated gradually from 35 °C-to-900 °C at a rate of
10 °C min~' while continuously monitoring the mass. Ultra-
high purity N, was circulated through the sample chamber

© 2021 The Author(s). Published by the Royal Society of Chemistry
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at a flow rate of 20 mL min '. The mass change versus
temperature revealed the presence and quantity of Ca(OH), and
CaCO; present on account of their characteristic thermal
decomposition at temperatures in excess of ~400 °C***° and
~600 °C,* respectively.

Results and discussion
Slag leaching

Fig. 1 shows the calcium concentration [Ca] as a function of
time (in log scale) for slag particles smaller than 106 pm leached
in DI water under (a) unstirred and (b) stirred conditions. It
indicates that [Ca] concentration increased, approximately by
a factor of 2, from unstirred to stirred conditions during the first
hour of reaction. Stirring enhanced the rate of slag dissolution
because calcium transport from the solid/liquid interface to the
bulk solution was aided by convective mass transfer, as opposed
to unstirred conditions wherein dissolution is transport
(diffusion) limited.”* Increasing s/l resulted in larger [Ca]
concentrations since adding more slag increased the amount of
calcium available for leaching. Fig. 1(b) indicates that the
maximum [Ca] concentration obtained was on the order of 17.3
+ 3.1 mM for s/l = 0.1 after 6 h, under stirred conditions, which
is around 75% of the saturation concentration of Ca(OH), at
20 °C (22 mM).* The decrease in the [Ca] concentration after
achieving its peak value is indicative of secondary precipitation
that consumed some of the [Ca] in solution. Such secondary
precipitation is consistent with the reduction in the [Si]
concentration in the leachate at similar times (see ESI: Fig. S37),
suggesting the precipitation of a calcium silicate hydrate (C-S-
H) phase.*® As such, although calcium leaching is enhanced and
somewhat accelerated by increasing s//, the amount of [Ca] that
can be sustained in solution is limited by the equilibrium
solubility of one or more phases, including Ca(OH),.****** In
general, Fig. 1(a) and (b) highlight that reducing s/! reduced the
amount of Ca-extracted into solution, at shorter and longer
reaction times, and independent of the stirring condition. It
should be noted, however, that the amount of Ca-leached,
depends strongly on the type of slag used (see Fig. S47).2%%+5¢
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The implication: that certain slags may be more suitable than
others for Ca-extraction, and that depending on the slag used,
multiple (2 or more) concentration cycles may need to be
carried out to sufficiently enrich the Ca-concentration in solu-
tion with obvious energy intensity implications. This issue
while also applicable to fly ashes, is less relevant, since fly ashes,
especially the CaO-rich variants rapidly mobilize their Ca-
species in solution.'®*7%*

Fig. 1(c) and (d) shows the calcium extraction X, and the
calcium leaching rate n1c, as functions of time for different s/I
for stirred conditions. Fig. 1(c) shows that X, decreased with
increasing s/l; ie., suggesting reducing efficiency of Ca-
extraction from the slag with increasing s/l;' albeit offering
meaningfully faster Ca-mobilization into solution (see
Fig. 1(d)). Taken together, the data in Fig. 1 indicates: (a) larger
s/l maximizes the amount of [Ca] leached and a smaller s/I
maximizes X¢, (b) with short duration leaching (in a single
cycle), in the best case (s// = 0.01, 24 hours leaching) no more
than 8 mol% of the Ca-content of slag was extracted.* Finally
and unsurprisingly, with increasing leaching time and
a decreasing undersaturation with respect to the dissolving/
leaching slag, the Ca-leaching rate nc, decreased exponen-
tially with time. Thus, practically, the leaching time should be
reduced as much as possible® (i.e., =6 hours) to achieve a crit-
ical (minimal) Ca-content in solution as would be appropriate
for the follow-on RO concentration step.

RO concentration

RO concentration was carried out using reagent grade Ca(OH),
solutions and slag leachate solutions. The processing of 1 L of
feed solution took between 8 and 10 h for an average feed flow
rate around 120 cm® min~" and gauge pressure of 413 kPa. The
calcium concentration in the feed tank [Ca]; increased
throughout the duration of the experiment while the calcium
concentration in the permeate tank [Ca], remained below
1 mM. The final calcium concentration in the feed tank [Ca]¢
readily approached the saturation level of Ca(OH), (~21 mM at
25 °C)*” in both reagent grade Ca(OH), and slag leachate solu-
tions for an initial calcium concentration [Ca]; of 10 mM.

25 ool ol 25 ol ool ol 0.100 ol ool ol 10,00 T Y S
| sl (g slag/g H,0) Unstirred | | s/ (g slagig H,0) Stirred | ] Stirred = E < E Stirred
501 3 ] nn " Fl s ] b
- 20 =005 o R 1 " g wE g | S ] [
3 1 - F ]
- B S R L B ] e e e IR N L
s - | S5 00w a |2 w £ LN :
£ ar £ / - zooto{ ™ =l -S ] LR\ F
3 10 m | 810 - L[ 8 3 El e 1 o L
S . o, )y .,1—7:7. c 1 s/l (g slag/g H,0) [ S 405" @slagig H,0) W E L
1o g P i o s . " 041 3 o 3-=-o1 E
5 4 om - 54 m L] 2 1 —m— 0.05 i = 1 = o005 \m [
I oets b -m | "y mw o 1 —=- 0.03 r S 1= o003 - [
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(a) (b) © (d

Fig. 1 The aqueous [Ca]-concentration as a function of time during batch leaching of a BOF slag for s/l = 0.01, 0.03, 0.05, and 0.1 under (a)
unstirred, and (b) stirred conditions. In general, increasing the s/l resulted in larger [Ca] concentrations since the enhanced quantity of slag
increased the surface area, and amount of Ca-available for leaching in the solid phase. (c) The calculated calcium conversion Xc,, i.e., the ratio
(fraction) of the amount of Ca-in solution to the Ca-in the slag solids, and (d) the calcium leaching rate as a function of time for different s/l under

stirred conditions.
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Fig. 2 The permeate concentration factor CF, (blue) and retentate concentration factor CF, (orange) as a function of time for initial calcium
concentration [Cal; of 5 and 10 mM for: (a) reagent-grade Ca(OH), solution, and (b) slag leachate solutions. RO concentration data showing
permeate concentration factor CF, (blue) and retentate concentration factor CF, (orange) as a function of water recovery Y for: (c) reagent grade
Ca(OH); solution, and (d) slag leachate solutions. The dashed line corresponds to maximum theoretical CF, assuming 100% calcium rejection by

the RO membrane.

Fig. 2 shows the permeate concentration factor CF, and the
retentate concentration factor CF, as functions of time for: (a)
reagent-grade Ca(OH), solutions and (b) slag leachate solutions
for initial feed calcium concentrations [Ca]; of 5 mM and
10 mM. It indicates that the retentate concentration factor CF,
was always smaller for the solutions with larger initial feed
concentration [Ca];. This difference is on account of the osmotic
pressure 7, which is larger for solutions with a larger initial feed
concentration [Ca]; according to the Van't-Hoff relation:** 7= =
RyT¢{[Ca]s + [OH]¢), where Ry is the universal gas constant, T is
the feed temperature and [Ca]; and [OH ™ ]; are the calcium and
hydroxide concentrations in the feed solution, respectively.
Since larger concentration leads to larger osmotic pressure ,
the flow rate of permeate solution V,, crossing the membrane
decreased according to:*' V;, = AyLy(AP — Amr), where Ay, is the
membrane area, L, is the membrane permeability, AP is the
pressure difference and A is the osmotic pressure difference,
between the feed and permeate solutions. Since the experi-
ments were performed at a constant feed pressure, AP was
constant. On the other hand, increasing the initial calcium
concentration [Ca]; from 5 to 10 mM increased Am, thus
reducing the driving force (AP — Awm) and decreasing the
permeate flow rate V,,. Consequently, the retentate concentra-
tion factor CF, as a function of time was slightly lower for
solutions with [Ca]; of 10 mM compared to 5 mM.

In addition, Fig. 2 also shows the permeate concentration
factor CF, and the retentate concentration factor CF, as a func-
tion of the water recovery Y for reagent grade Ca(OH), solutions
and slag leachate solutions. Assuming that all the calcium in
the feed solution was rejected by the membrane (R = 100%, CF,,
= 0), the maximum theoretical value of CF, can be calculated

from a mass balance as:** CF, = Fig. 2(c) and (d)

1
1-v)
indicates that the calculated retentate concentration factor CF,
follows the trend corresponding to 100% rejection for both
reagent grade Ca(OH), and slag leachate solutions. The slight
difference might be due to the uncertainties in calculating the
permeate volume, which was not measured directly but
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estimated from permeate flow rate measurements. Moreover,
Fig. 2 reveals that the difference between the retentate
concentration factor CF, calculated for the two initial feed
concentrations ([Ca]; = 5 mM, 10 mM) was somewhat larger for
the slag leachate solutions than reagent grade Ca(OH), solu-
tions. This observation could be due to either membrane
degradation or membrane scaling. For example, membrane
degradation may result in a decrease in the calcium rejection R
which would increase the Ca-concentration in the permeate
[Ca],.** On the other hand, a typical sign of membrane scaling is
a decrease in the permeate flow rate V,,.**” We observed that
calcium rejection R remained above 90% for both reagent grade
Ca(OH), and slag leachate solutions. This implies that R was not
affected by the presence of impurities in the slag leachate, and
that membrane degradation was not significant (N.B.: This was
also confirmed using longer duration testing carried out using
a pilot-scale production system). On the other hand, significant
differences were observed in the permeate flow rate V. In fact,
V, remained constant at 0.9 & 0.1 mL min~" for both 5 and
10 mM reagent grade Ca(OH), solutions, whereas it declined
when water recovery reached 40% in the case of the 10 mM slag
leachate solutions. This decline in V,, is attributed to scale
formation on the membrane surface, e.g., due to the formation
of Ca(OH),, and/or hydrated calcium phases. Based on the
retentate composition at 6 hours, Ca(OH), and 11 A Tober-
morite have saturation indexes of 0.03 and 2.35, respectively
(see Fig. S51) — suggesting their precipitation.®®**® The results of
the RO concentration and the equilibrium calculations also
highlight that the solubility of portlandite decreased in
comparison with reagent grade Ca(OH), solutions, ie., on
account of the common-ion effect, because the presence of
other alkaline species (e.g., Na', K') in solution - extracted
during leaching - alkalinizes the solution shifting the equilib-
rium towards Ca(OH), precipitation.

Fig. 3(c) shows SEM images of the mineral scale formed on
the RO membranes after 10 h of concentration of a slag leachate
solution with an initial calcium concentration [Ca]; of 10 mM.
Here (and in the case of Ca(OH), solutions), the crystallite size

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The characterization of precipitated Ca(OH), crystals obtained from saturated slag leachate solutions using: (a) thermal analysis showing
evidence of Ca(OH), and CaCOs, respectively, (b) micrographs confirming the presence of Ca(OH), and CaCOs, the former of which are
identified by the hexagonal structure, and the latter by their equiaxed form, and (c) micrographs of membrane scale obtained from slag leachate
solutions. The yellow squares indicate the location of SEM-EDS sampling points.

ranged from 100 pm to 300 pm. However, a higher area density
of precipitates was observed on the membrane used for
concentrating slag leachate solutions compared to that used
with reagent grade Ca(OH), solution. This suggests that the
presence of impurities in the slag leachate enhanced scale
formation; once again, on account of the common-ion effect.
This also explains why the permeate flow rate decline was
stronger with slag leachate solutions than with reagent grade
Ca(OH), solutions with the same initial calcium concentration.
Nevertheless, scaling could be avoided through precautionary
measures. For example, stopping RO concentration before
reaching Ca(OH), saturation, or reversing the feed flow direc-
tion periodically to change the saturation index of precipitate
phases within the RO cell.**”® Table 1 summarizes EDS
elemental analysis (in atom%) of crystallites deposited on the
membrane surfaces (the sampling points are shown in the inset
of Fig. 3(c)). The O-Ca ratio was noted as being 2 + 0.3 across all
solutions considered (see Table 1), whereas carbon, aluminum,
and silicon were detected only in small quantities suggesting
compositions consisting of mainly Ca(OH),, and small quanti-
ties of CaCO; and/or low-rank hydrated calcium-silicate
compounds.”™

Precipitation of portlandite from RO-concentrated solutions

Following concentration, precipitation experiments were
carried out using the reagent grade Ca(OH), and slag leachate
solutions. Temperature-swing induced precipitation was

Table 1 The elemental composition of the mineral scale formed on
the RO membrane surfaces as analyzed using SEM-EDS

Element (atom%) Ca(OH), solution Slag leachate solution

Ca 32.55 £ 0.94 28.80 £ 2.68
(6] 60.89 £ 1.99 59.48 £ 7.48
C 6.47 £ 1.18 11.32 £9.74
Al 0.03 £ 0.01 0.14 £ 0.03
Si 0.06 £+ 0.03 0.03 £ 0.02

© 2021 The Author(s). Published by the Royal Society of Chemistry

examined using concentrated slag leachates which featured
a [Ca] concentration around ~19 mM (i.e., wherein the starting
Ca-concentration was 10 mM). Herein, at 45 °C a change in the
solution's appearance occurred (ie., from transparent to
translucent) corresponding to the formation of colloidal-scale
and/or hyper-branched precipitates (e.g., of C-S-H) that
induced strong Tyndall scattering effects.”>”* At the end of the
temperature ramping process, ~3 mg of precipitates were
collected (via filtration) from the saturated slag leachate solu-
tion. Fig. 3 shows the characterization of precipitates obtained
from the slag leachate using (a) TGA and (b) SEM. Herein, TGA
(Fig. 3(a)) shows that 66 mass% of the analyzed precipitates
corresponding to Ca(OH), started to decompose at 400 °C.*>7*
An additional 15 mass% of the precipitates started to decom-
pose around 600 °C, indicating the presence of impurity CaCO;
that formed due to: (a) the presence of dissolved CO, in the feed
water.*® and/or, (b) brief exposure of the wet Ca(OH), precipi-
tates to air during drying wherein they readily carbonate on
contact with atmospheric CO,.”” The remaining 19 mass%
impurities appear to be composed of slag particulates. As such,
although the formation of Ca(OH), was confirmed, it is
important to control the ambient conditions during precipita-
tion, separation and drying to avoid Ca(OH), carbonation.
Fig. 3(b) shows representative SEM images of the precipitates
whose particle size ranged between 2 and 10 um. While it is
indeed anticipated that particles smaller than 2 pm were
present, they were not collected due to the large pores of the
filter used for separation (>3 pm). Moreover, the precipitated
crystals featured two differentiated morphologies: (i) small
hexagonal platelet aggregates corresponding to Ca(OH), (ref. 76
and 77) and (ii) individual crystals with rhomb-like structures
resembling CaCO;.”*"®

Finally, Fig. 4 shows (a) the measured ionic conductivity and
(b) the corresponding [Ca] concentration [i.e., calculated using
eqn (S1)-(S10)]f as functions of temperature for different
heating rates ranging from 10 to 50 °C h™" for near-saturated
reagent grade Ca(OH), solutions. Also shown is the theoretical
solution conductivity o, and estimated [Ca] concentration for
a solution with an initial Ca-concentration of 21.2 mM: (i) in the

RSC Adv, 2021, N1, 1762-1772 | 1767
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Fig. 4 The measured: (a) solution’s electrical conductivity as a function of temperature, (b) the corresponding [Ca] concentration (calculated
from the measured conductivity), and (c) the saturation index (SI) (calculated using PHREEQC with minteq v4 database) as a function of the
temperature for a solution with [Ca] = 21.2 mM, added as Ca(OH),. This data was obtained during the precipitation of reagent-grade Ca(OH),

solutions at different temperature ramp rates.

absence of precipitation and (ii) during ongoing Ca(OH),
precipitation which acts to remove calcium and hydroxyl
species from solution thereby resulting in a reduction of the
solution conductivity. The calculated saturation index (SI) of
Ca(OH), as a function of temperature for [Ca]ipitia; = 21.2 mM is
shown in Fig. 4(c). In qualitative compliance with classical
nucleation theory (CNT), Fig. 4 demonstrates that the rate of
nucleation is negligible until a critical supersaturation, here
0.25 corresponding to the SI at T = 65 °C, is reached. It is
interesting to note that the onset of precipitation occurred at
the same critical supersaturation across all heating rates; i.e., as
indicated by the reduction of the measured conductivity e, vis-
a-vis the calculated conductivity o, and the [Ca] concentration
in solution. Nonetheless, the heating rate may affect the
precipitation kinetics®*>*" and final properties of the precipitates
as shown, for example, for the aqueous precipitation of TiO,
from TiOCl, solutions.®” Overall, across all ramp rates, ~5
millimoles of Ca(OH), per liter of solution were precipitated
while heating to 85 °C, consistent with the calculated equilib-
rium precipitation yield based on the (retrograde) solubility of
Ca(OH),.

Energy and CO, balances associated with traditional and
novel methods of Ca(OH), production

The traditional pathway for Ca(OH), production involves the
thermal decomposition of limestone (CaCOj;) to lime (CaO) at
900 °C; following which the lime is slaked (hydrated) to produce
Ca(OH),.**** Here, high-grade heat is sourced from the
combustion of fossil fuels. The enthalpic energy consumption
Qr to produce 1 kg of Ca(OH), can be estimated (i.e., without

considering  thermal losses, or inefficiency) as
1
Qr = ——— (4Hym) = 2.4 MJ kg™' Ca(OH),, where Mca(om
Mca(om),

» = 0.0741 kg mol " is the molar mass of Ca(OH),, AH,y,, =
179.2 k] mol " CaCOy; is the enthalpy of the calcination reaction
CaCO; — CaO + CO,.* The thermal efficiency

1768 | RSC Adv, 2021, 1, 1762-1772

AH :
M) of a typical vertical shaft kiln - the lime

(o 2
Meyel X LHV
industry standard - is around 60%.%** Thus, the actual energy
consumption of the traditional thermal process is on the order
of 4 MJ kg~" Ca(OH),,*® and can be substantively larger for
rotary lime kilns.'>#+%¢
The energy required to produce 1 kg of Ca(OH), via the low-
temperature precipitation process can be calculated based on
mass and energy conservation principles, and the data from the
prior sections (see Fig. S17). For example, the mechanical work
Wro necessary to pressurize the water through the RO system
with a high-pressure pump was calculated to be 2.23 MJ kg™*
Ca(OH), according to Wro = VAP, where V = 5.4 m® is the total
volume of solution and AP = 414 kPa is the pressure difference
between the pump inlet and outlet for the process conditions
summarized in Fig. S1.} Similarly, the mechanical work of the

8]‘L,0V2
w2D5 "’
where, AP is the pressure drop due to friction losses in pipes,*” D
is the pipe diameter (D = 0.009 m), L = 1 m is the length of the
pipe, p = 1000 kg m~? is the solution density, and f = 0.041 is
Darcy's friction factor corresponding to the solution volumetric

low-pressure pumps Wp can also be calculated as AP =

flow rate necessary to produce 1 kg of Ca(OH), per day (V = 3.1

x 107°> m® s™"). Under these assumptions, AP is equal to 474 Pa.

The mechanical work of the low-pressure pumps Wp (is multi-
plied by 2 to account for the number of pumps) was 5.1 kJ kg™
of Ca(OH),. This number is nearly three orders of magnitude
lower than the work of the RO pump Wxo.

The sensible heat required to induce the temperature-swing,
and in turn, portlandite precipitation, Qs, was estimated as
follows. Previously, it was demonstrated that 5 millimoles of
Ca(OH), precipitate when heating near-saturated reagent grade
Ca(OH), solutions from 25 °C to 85 °C (AT = 60 °C). As such,
following a simple mass balance, the mass of water to produce 1
kg of Ca(OH), is m = 2700 kg H,O per kg Ca(OH),. Assuming
>90 mass% recovery of water, this translates into a consumable

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table2 A comparison of the energy intensity of traditional calcination
and novel calcination-free Ca(OH), production processes. Herein, for
the "Novel” process, the thermal energy — being in the form of low-
grade waste heat - is excluded from the analysis

Process
Energy consumption (kJ kg~' Ca(OH),) Traditional ~ Novel
Total thermal energy Qr 4000 677 150
Total work Wr = Wgo + Wp — 2241
Total energy Er=Qp+ Wy 4000 679 391
Total high-grade energy Er — Qs i 4000 2241

water demand of less than 270 kg H,O per kg Ca(OH),. Thus,
the sensible heat demand was calculated as Qs , = mc AT =
677.15 MJ kg~ ' Ca(OH),, where ¢, = 4.18 kJ kg™ " is the specific
heat of water.®® This indicates that the thermal energy demand
for precipitation is two orders of magnitude larger than the
mechanical energy consumption of the RO pump because only
0.37 g of Ca(OH), is precipitated per liter of water. However, the
thermal energy consumption could be reduced by more than
50%, e.g., by implementing heat recovery loops. Furthermore,
since the operating temperature for precipitation is below 90 °C,
this energy could be sourced simply in the form of low-grade
(e.g., flue gas borne) waste heat from industrial facilities such
as thermal plants fired by coal, gas or nuclear power, steel
processing facilities, and renewable heat sources like
geothermal or concentrated solar power. For example, a mid-
sized coal-fired power plants produces up to 5 000 000 GJ of
low-grade thermal energy per year corresponding to exhaust
temperatures up to 128 °C (at the stack).*®

Table 2 compares the energy demand to produce 1 kg of
Ca(OH), via the traditional and a novel low-temperature
precipitation process. It is noted that although the low-
temperature process features a substantial energy demand - it
is still attractive as it allows valorization of low-grade heat; that
would, otherwise, be discarded. As such, if we focus on the
“practical demand”, the energy consumption of the novel
process is ~44% lower than that of the traditional process.***"
By contrast, if solution concentration was carried out through
thermal evaporation instead of RO - although the electrical
energy demand of 2.2 MJ kg~ ' of Ca(OH), would vanish - 6338
M] of waste heat would be required to produce 1 kg of Ca(OH),,
reducing by one order of magnitude the maximum Ca(OH),
production rate for a fixed amount of waste heat (see ESIT for
detailed calculations), making this option unpractical. Other
alternatives such as evaporating water from solution at ambient
conditions (e.g., using solar evaporation) would favor the
precipitation of CaCO; instead of Ca(OH), because highly
alkaline solutions readily absorb CO, present in the air.* Thus,
concentration and precipitation of Ca(OH), solely by heat (or
waste heat) would introduce technical challenges such as the
use of an inert atmosphere further complicating the process.

The main advantage of the alternative process, however, is
that it obviates CO, emissions associated with limestone's
decomposition, while allowing alkaline waste utilization. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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alternative process requires 2241 kJ (0.62 kW h) of electrical
energy per kg of Ca(OH),. Hence, assuming that 0.43 kg of CO,
are emitted per kW h of electricity consumed (e.g., corre-
sponding to natural gas combustion, or 0.03 kg of CO, per kW h
for renewable solar power)”®* and neglecting CO, emissions
associated with low grade waste heat, the CO, emissions of the
alternative process are on the order of ~0.27 kg CO, per kg of
Ca(OH),. On the other hand, conservatively, 0.74-t0-0.86 kg of
CO, are produced per kg of Ca(OH), in the traditional produc-
tion process depending on the type of fuel utilized.*® This esti-
mate includes CO, released on account of the thermal
decomposition of CaCO; [0.59 kg CO, per kg of Ca(OH),] and
the CO, emitted from natural gas combustion [0.15 to 0.27 kg
CO, per kg of Ca(OH),],*** but these numbers could be larger
for less efficient kilns.'* Thus, the CO, emissions from the
alternative process are only a third that of the traditional
process. For these reasons, although more work remains, this
style of low-temperature precipitation pathway, for portlandite
production, is worthy of further work and consideration.

Summary and conclusions

This study has demonstrated a calcination-free pathway to
produce Ca(OH), using industrial alkaline wastes as a feed-
stock. The process encompasses discrete unit operations
including: leaching, RO concentration, and temperature-swing
precipitation. In general, slag leaching in water can produce
Ca-concentrations ranging from 2 to 17 mM depending on the
slag, s/l, the presence of mixing (or not), and the leaching
duration. The Ca-concentration in solution can be systemati-
cally enhanced using RO membrane filtration. Finally, the
retrograde solubility of portlandite was exploited to precipitate
it from near-saturated solutions of itself, by imposing
a temperature swing. The quantity of portlandite precipitated in
this manner was congruent with estimates from equilibrium
thermodynamic calculations. Taken together, this process
presents a specific energy demand (kJ per kg of Ca(OH),) that is
nearly 44% lower than traditional thermal processes; and
importantly obviates the need to decarbonize limestone. As
a result, this low temperature process presents a specific CO,
intensity that is 65% smaller than conventional methods. This
is significant as Ca(OH), produced in this manner can uptake
more CO, than it associated with its own production forming
a basis for a truly CO,-negative material.
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