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ABSTRACT OF THE DISSERTATION 

 

Demonstration and Up-scaling of a Calcination-Free Calcium Hydroxide Production Route from 

Steel Slag by Aqueous Precipitation. 

 

by 

Sara Vallejo Castaño 

Doctor of Philosophy in Mechanical Engineering 

University of California, Los Angeles, 2021 

Professor Laurent G. Pilon, Co-Chair 

Professor Gaurav N. Sant, Co-Chair 

 

Calcium hydroxide (Ca(OH)2) is a commodity chemical that finds use in diverse industries ranging 

from food to environmental remediation and construction. The commercial production of Ca(OH)2 

by limestone calcination is an energy intensive and CO2 emitting process. Nevertheless, on account 

of its high specific CO2 uptake (0.59 g per g of Ca(OH)2), Ca(OH)2 could be a “CO2-negative” 

material if produced in a manner that obviates the need for the thermal decomposition of limestone.  

This dissertation aims to demonstrate and evaluate the feasibility of upscaling a novel aqueous-

phase calcination-free process to recover Ca(OH)2 from industrial alkaline waste based on a three-

step process comprised of: (i) calcium leaching from steel slag, (ii) leachate concentration by 

reverse osmosis (RO), and (iii) Ca(OH)2 precipitation from the concentrated solution through 

heating. The proof-of-concept was demonstrated on the laboratory scale by individually testing 

each step. Slag leaching, and reverse osmosis (RO) concentration were evaluated with bench-scale 
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batch experiments. The results demonstrated that alkaline, Ca-containing solutions can be derived 

from leaching slag with DI water, and that RO could concentrate these solutions by a factor of 2 

or higher. However, membrane scaling was evidenced when operating close to the saturation point 

of Ca(OH)2. Following concentration, Ca(OH)2 was precipitated by forcing a temperature 

excursion in excess of 65°C while harnessing the retrograde solubility of Ca(OH)2.  

Thereafter, a continuous, low-temperature (< 95°C), aqueous-phase pilot-process to produce 

Ca(OH)2 was designed and assembled. The quantification of the mass and energy balances 

revealed that increasing the calcium concentration of the feed solution and the precipitation 

temperature, decrease the energy demands of the RO step. The pilot system operated continuously 

for 24 hours and achieved a production rate of nearly 1 kg per day of Ca(OH)2 with a purity greater 

than 95 wt.%. The particle size of the precipitates depended on the residence time in the 

precipitation reactor, suggesting an ability to produce size-controlled particulates. Importantly, the 

process achieved full water recirculation,  indicative of a low consumable water demand. 

Finally, the up-scale feasibility of the process was evaluated by means of an economic, CO2 

footprint and geospatial distribution analysis considering the location and availability of slag, 

electricity, and waste heat sources. The study revealed that the Mid-West, Mid-Atlantic, and 

South-East regions of the U.S are potential areas to upscale the technology due to the proximity 

between feedstocks and waste heat sources. The economic analysis showed that RO’s electricity 

and membrane replacement requirements were the largest drivers of the operating cost. Finally, 

the CO2 footprint of the process could be 40% to 80% lower than the benchmark product if the 

electricity was sourced from natural gas and wind power, respectively. This is significant as 

Ca(OH)2 produced in this manner can uptake more CO2 than it associated with its own production, 

i.e., a CO2-negative material. 
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CHAPTER 1 

Introduction 

1.1. Calcium natural occurrence and cycling  

Calcium (Ca) – the elemental quintessence of Ca(OH)2 – is the fifth most abundant element on 

earth. It features a relative abundance of 4.15% on the lithosphere and of 0.04% on the sea.1 

Calcium is a critical biological nutrient, and the dominant mineral sink for carbon in the ocean (as 

CaCO3).  Figure 1.1 illustrates the global calcium cycle. The main calcium reservoirs are carbonate 

and silicate rocks, soils, and terrestrial and aquatic creatures.2,3 Whereas the major calcium 

exchange processes are biological uptake, release, and degradation; soil/rock weathering and 

leaching, and precipitation/sedimentation.4   

 
Figure 1.1. Calcium biogeochemical cycle. Taken and modified from 5 

Calcium is an essential constituent of rock-forming minerals and it occurs abundantly associated 

with carbonates (limestone), silicates (wollastonite, feldspars), sulphates (gypsum), among 
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others.5,6 Igneous or magmatic rocks – comprising 95% of earth’s crust – contain on average 4.8% 

of calcium, whereas sedimentary rocks – comprising the remaining 5% of earth’s crust – display 

calcium oxide contents ranging from 3 to 11% (shale), 5 to 50 % (sandstone), and 42 to 57 % 

(limestone).6  The majority of these sedimentary rocks are an important CO2 sink since they have 

formed throughout most of geological history by the sedimentation of marine organisms such as 

corals, oysters, and other sea creatures that used the calcium and bicarbonate ions present in 

seawater to make their underlaying structures and protective shells. 

1.2. Limestone utilization and environmental concerns 

In 2020, the US produced ~ 1 billion ton of crushed limestone (70% of the total crushed stone 

production).7 Typical concerns about limestone mining include dust, noise, blasting vibration, and 

traffic associated with quarry operations. Additionally, limestone quarries may disrupt ecosystems, 

and cause biodiversity destruction.8–10 Some limestones act as rock units that can yield  water to 

wells, i.e., aquifers. Where limestone is an aquifer, contaminants from the quarrying operations 

can escape to the groundwater.11  

Most of the limestone is used as aggregate in the construction industry, but a portion of it is 

used as a raw material for a large variety of applications. Two of the most important products 

made from limestone are “ordinary Portland cement” (OPC) and lime [CaO and Ca(OH)2]. 

According to the U.S. Geological Survey (USGS), 4.1 billion tons of cement and 420 million tons 

of lime were produced in the world in 2020. On that year, the U.S. was the third largest producer 

of cement (86 million tons) and the second largest producer of lime (16 million tons).12,13 

The production of lime (CaO) and OPC, based around the age-old process of limestone calcination, 

is energy intensive and a major emitter of CO2.14,15 The thermal decomposition of limestone 
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(CaCO3 → CaO + CO2) at ~ 900 °C generates 0.77 tons of CO2 per ton of CaO.16  Adding the 

emissions from fossil fuels required to operate kilns, the total emissions to produce 1 ton of CaO 

or OPC range from 0.8 to 1.1 tons of CO2.16–18  The main difference between CaO and OPC 

production is that lime kilns can operate at 900 °C, whereas cement kilns must operate at 1400 °C 

to drive further phase change transformations between the CaO and other clay minerals.19 The 

widespread utilization of OPC is responsible for 7% of the total anthropogenic CO2 emissions, a 

major contribution to climate change.20  

1.3.      Hydrated lime utilization and opportunities 

Calcium hydroxide (Ca(OH)2),  also known as portlandite, slaked- or hydrated-lime is produced 

from the combination of quick lime with water (CaO + H2O → Ca(OH)2). Hence, similar to CaO, 

its production entails ~ 0.86 ton CO2/ton of Ca(OH)2  from limestone calcination and fossil fuel 

utilization.16  

 
Figure 1.2. The lime cycle 

 



4 

 

Figure 1.2 shows the traditional conversion cycle from CaCO3 to Ca(OH)2. Figure 1.2 also 

indicates that Ca(OH)2 tends to carbonate naturally from atmospheric CO2 in the presence of 

water.21 Hence, Ca(OH)2  is of great importance in the current climate change context because 1 

ton of this material can uptake 0.59 tons of CO2 to form calcium carbonate (CaCO3), a stable 

carbonate molecule which can permanently store carbon dioxide.22–25  Any process that emits less 

than 0.59 t of CO2 over the course of Ca(OH)2 production has the potential to achieve a “carbon-

negative” outcome. This is significant as the ability to utilize Ca(OH)2 as a cementation agent,26 

or indeed as a feedstock for CaO could greatly diminish the CO2 emissions associated with 

traditional cement OPC production. 

The use of hydrated lime as a construction material dates back to 6,000 years when it was used by 

the Egyptians for plastering the pyramids,27 and it is generally considered a greener construction 

material compared to OPC due to the lower operating temperature requirements of lime 

kilns.16,19,28 Recently, hydrated lime has been an essential component of alternative concrete 

formulations that can capture and store CO2 using diluted waste streams such as flue gas from 

thermal power plants.24,26,29  

Besides construction applications, hydrated lime is used extensively across industries. Figure 1.3. 

shows that lime is employed in paper, sugar, and glass production;30 water treatment,31,32 soil pH 

regulation,14,33 among others.15 Besides, lime has been studied as a regenerative agent for CO2 

capture,34 and more recent studies have suggested the reversible reaction between CaO and 

Ca(OH)2 as promising thermochemical energy storage alternative in solar thermal power 

applications.35,36 
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Figure 1.3. Overview of customer market and functionality of lime products. Taken from 37 

1.4.      Lime and steelmaking 

Figure 1.3 shows that 38% of total lime production is used in the steel industry to remove 

impurities from iron ores.37 The utilization of lime in electric arc and basic oxygen steelmaking 

furnaces results in an alkaline byproduct called slag.38–41 Although some types of slag find use as 

supplementary cementitious material,29 other types – such as basic oxygen furnace (BOF) slag – 

are landfilled because they do not comply with construction industry standards due to their high 

free lime content, which results in expansive properties and produces volumetric instability of the 

concrete.38,42–44 

The U.S. produces greater than 17 million tons of slag,45,46 and the worldwide generation of iron 

and steel slag  byproducts – with a CaO content ranging between 20% to 50 % by mass39,47 – was 

estimated to be 180 to 270 million tons in 2020 according to the U.S geological survey (USGS).48 

These materials are not only produced in large amounts on an ongoing basis, but historical 

reservoirs in the U.S. and across the world host well over a billion tons of slag.49–51 Moreover, 

Iron and 
steel
38%

Construction 11%

Civil engineering 7%

Environmental protection
16%

Agriculture
3%

Chemical industry
7%

Sugar, glass, and 
paper 14%

Export 4%
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disposing underutilized quantities of alkaline wastes in landfills implies a waste disposal cost 

(“tipping fees”, N.B.: the average tipping fee in the U.S. is on the order of $50 per t52) and can 

result in environmental damage.47,53–55  

1.5.      Motivation of the study 

Notwithstanding the environmental applications of Ca(OH)2 and the promise that it can drive a 

greener construction industry when used in alternative cement formulations to replace OPC, its 

production process is still emitting too much CO2 from the calcination of limestone. Thus, the 

production of this material should be radically transformed to bypass the use of carbonate rocks 

and prevent the release of billions of tons of CO2 deposits that have been stored for millennia.  

Hence, with the goal to enhance waste utilization, resource recovery and reutilization, we 

demonstrate an approach to extract calcium from slag,56,57 and produce Ca(OH)2 via aqueous 

precipitation by heating (up to 100 °C) the calcium-containing solution. This processing route is 

in line with the principles of circular economy because it enhances resource recovery from 

industrial byproducts58 and it has the potential to reduce the environmental impacts of landfilling 

slag and quarrying and burning limestone.9 The process could be implemented in industrial 

facilities with large availability of waste heat, such as thermal power plants, cement, or steel 

production plants. 

While herein we focus on slag, of course, the broad contours of this process are also applicable to 

other alkaline industrial wastes such as fly ash from coal combustion. For example, even now the 

U.S. produces 91 million tons of coal combustion residuals, of which only 58% are beneficially 

utilized.59 And, global waste reservoirs host tens of billions of tons of fly ash,60–62 based on broad 

estimates. Other suitable calcium sources could be alkaline rock species, which although harder to 



7 

 

solubilize unless externally stimulated,63,64 offer a near-limitless source for alkaline element 

extraction.  

1.6.      Objectives of the present study 

The overall goal of this research is to develop a low-temperature calcination-free Ca(OH)2 

production route comprising three basic steps: (1) slag leaching, (2) concentration of leached 

calcium ions in solution using reverse osmosis (RO), and (3) precipitation of Ca(OH)2 crystals 

through heating. The specific objectives that will be accomplished to fulfill the main research goal 

are: (i) to demonstrate the calcination-free production of Ca(OH)2 using precursors such as 

iron/steel processing wastes on the laboratory scale, (ii) to design and build an optimized integrated 

pilot process demonstrating the production of 1 kg of Ca(OH)2 per day, and (iii) to evaluate the 

commercial feasibility of the proposed process using elements of financial, CO2 footprint, and 

geospatial analysis.  

1.7.      Organization of the document 

Chapter 2 introduces and demonstrates the concept of obtaining Ca(OH)2 from alkaline industrial 

waste at sub-boiling temperatures (<100 °C) by performing bench-scale experiments to test each 

of the steps ─ i.e., leaching, concentration, and precipitation ─ required to accomplish the process 

independently and separately. Additionally, a simplified energy analysis is used to compare the 

energy consumption of the proposed process with that of the traditional Ca(OH)2 production.  

Chapter 3 establishes the design and continuous operation of the low-temperature (< 95°C), 

aqueous-phase pilot-process to produce Ca(OH)2 using calcium extracted from alkaline industrial 

wastes. The mass and energy balances were quantified to reveal that increasing the calcium 



8 

 

concentration of the feed solution and the precipitation temperature, decrease the energy demands 

of the RO step, thereby reducing the process’s overall CO2 footprint. The pilot system was operated 

continuously in 3 independent tests and achieved an equivalent production rate of nearly 1 kg per 

day of Ca(OH)2 with a purity greater than 95 wt.%.  

Chapter 4 evaluates the economic feasibility and the CO2 footprint of an optimized commercial-

scale Ca(OH)2 production facility based on the proposed process by minimizing the overall 

electricity consumption of the process. Additionally, a geospatial analysis elucidated the locations 

in the U.S. with better conditions to integrate the technology in existing power plants. The main 

factors considered in the study were the source and geospatial availability of electricity (e.g., coal, 

natural gas, wind), waste heat, and slag. Finally, Chapter 5 summarizes the findings of this PhD 

dissertation, provides recommendations, and expands on topics for future research. 
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CHAPTER 2 

Proof-of-Concept Demonstration 

This chapter demonstrates a novel aqueous-phase calcination-free process to precipitate Ca(OH)2 

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)2 saturation at ambient temperature. 

Thereafter, Ca(OH)2 was precipitated from the concentrated leachate by forcing a temperature 

excursion in excess of 65°C while exploiting the retrograde solubility of Ca(OH)2.  

2.1. Background 

Figure 2.1. shows a process flow diagram (PFD) of a low-temperature, calcination-free route for 

Ca(OH)2 synthesis including leaching, concentration, and precipitation steps. The conceptual basis 

of the new process involves the leaching/dissolution of Ca-bearing wastes to mobilize Ca-species 

in solution. This results in an aqueous Ca-abundance that is typically substantively lower than the 

saturation concentration of Ca(OH)2 (~21.2 mmol/L at pH=12.475 and T=25 °C65).39,56,57 

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 exclusion;66 divalent cations (e.g., 

Ca2+, Mg2+) can be enriched in the retentate stream. 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)2
67 ensures its 

precipitation to an increasing extent with increasing temperature.  
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PRECIPITATION REVERSE OSMOSIS (RO)

LEACHING

Leachate
[Ca+2]< 10 mM
P = 101 kPa
T= 25 °C
F = 5400 L / day

Retentate
[Ca+2] > 20 mM
P = 101 kPa
T = 25 °C
F = 2700 L / day

Precipitate
Ca(OH)2 

1 Kg/day
P = 101 kPa
T = 65 °C

Feed
[Ca+2]< 10 mM
P = 515 kPa
T = 25 °C
F = 5400 L / day

Permeate
[Ca+2]  < 1 mM
P =  515 kPa
T = 25 °C
F = 2700 L / day

Saturate
[Ca+2]  < 10 mM
P =101 kPa
T = 65 °C
F = 2700 L / day

Leached slag

WRO

Qs

WP

WP

Inlet
P = 101 kPa
T= 25 °C
F = 2700 L / day
Slag = 162 kg / day

 

Figure 2.1. A process flow diagram (PFD) of a low-temperature, calcination-free route for 

Ca(OH)2 synthesis including leaching, concentration, and precipitation steps. Additionally, 

saturate and permeate recirculation is included to minimize water consumption. Yello Yellow 

arrows indicate energy inputs required to drive the process. Temperature T, pressure P, water 

flow rate F, and slag input are indicated in each of the streams. Flow rates were calculated 

based on a production throughput of 1 kg per day of Ca(OH)2. 

The advantage of such a low-temperature approach is straightforward: it obviates the need for 

limestone’s decarbonation and eliminates the associated CO2 emissions. Moreover, the 

precipitation step can be accomplished at ambient pressure and at sub-boiling temperatures. 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 CO2 intensity 

to incumbent methods. 
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2.2. Materials and Experimental Methods 

2.2.1. Slag leaching 

Slag leachates were prepared by contacting 1, 3, 5, and 10 g of a basic oxygen furnace (BOF) slag 

(i.e., a crystalline slagi) with 100 mL DI water to achieve solid to liquid mass fractions (s/l) 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 µm. 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 Perkin Elmer Avio 200 

inductively coupled plasma – optical emission spectrometer (ICP-OES). Prior to elemental 

analysis, the samples were filtered through 0.2 µm syringe filters and then diluted in 5 vol.% 

HNO3. The ICP-OES was calibrated using standard solutions containing 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; wt.%), 

followed by Fe2O3 (31%), SiO2 (13%), MgO (6%), and Al2O3 (4%). This information was used to 

 
i 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. 



12 

 

quantify calcium extraction (XCa) according to: XCa =
nCa,sln(t)

n Ca,slag
, where nCa,sln(t) are the moles of 

calcium in the solution at time t, and nCa,slag are the moles of calcium in the solid slag as measured 

by XRF. The calcium leaching rate ṅCa (in mmol Ca / h) at time t was defined as: ṅCa =

[Ca](t,S L⁄ )

t
Vb, where Vb is the solution volume and t is the leaching time. The leaching rate affects 

the production rate (“yield”) of Ca(OH)2, and the efficiency of slag valorization because, from 

stoichiometry, one mole of Ca-leached from the slag should produce one mole of Ca(OH)2 as per 

the reaction: Ca2+ + 2OH− ↔ Ca(OH)2. 

2.2.2. Reverse Osmosis Concentration 

RO concentration was carried out using two calcium-rich alkaline solutions, namely a reagent 

grade Ca(OH)2 solution and a slag leachate solution. Reagent grade Ca(OH)2 was added to 1 L 

deionized (DI) water (resistivity ≥ 18.2 MΩcm) to produce 5- and 10- mmol/L (mM) reagent 

grade Ca(OH)2 solutions. On the other hand, the slag leachate was prepared by leaching, over 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 ~14 mM, 

whereas sodium, potassium, silicon, and aluminum impurities were present in concentrations 

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 (CF042 Sterlitech Corp) 

fitted with thin film composite (TFC) polyamide RO membranes sourced from Dow Filmtec® 

(BW30XFR) with an active area of 42 cm2. 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. Additionally, a gear pump (GJ Series Micropump®) was 
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used to pressurize the Ca-containing solutions through the membrane. Furthermore, 99% pure N2(g) 

at atmospheric pressure was continuously bubbled into the feed tank at a flowrate of 0.02 L/min 

to minimize the presence of atmospheric CO2 and to avoid the carbonation of the alkaline Ca-rich 

solution, and the resulting (undesirable) formation of CaCO3.  

The feed stream, with an initial Ca-concentration [Ca]i 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 [Ca]f and the 

permeate [Ca]p 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 Figure 2.2.  

 

Figure 2.2. A schematic of the batch RO concentration setup showing cross flow membrane 

cell, feed, and permeate tanks, gear pump and streams configuration (retentate, permeate, 

bypass, and nitrogen lines). The circled C, P, and F indicate the location of concentration, 

pressure, and flow rate measurement sensors, respectively. 
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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 Vi (in L), i.e.,68 Y =
VP

Vi
. Note that in industrial systems, the water recovery Y ranges 

typically between 35%–85%.68–71  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 

membrane which is expressed as:72 R = (
[Ca]F−[Ca]P

[Ca]F
), where [Ca]F and [Ca]P 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 CFR 

and the permeate concentration factor CFP were respectively defined as the ratio of  [Ca]F and 

[Ca]P to the initial calcium concentration in solution [Ca]i.
73  

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. 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. 

2.2.3. Calcium hydroxide precipitation by temperature swing 

Ca(OH)2 precipitation was carried out by adding reagent grade Ca(OH)2 to 100 mL DI water to 

obtain solutions saturated in Ca(OH)2 at 25 °C (~21 mM), and other solutions that contained 5 mM 

and 10 mM Ca(OH)2.67 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 



15 

 

solutions in a stirred jacketed glass reactor, which was connected to a circulating water bath 

(Polyscience AD07R-20) that was thermally equilibrated at 25 °C. The reactor was sealed with 

Parafilm™ to minimize evaporation and N2(g) was bubbled through the solution to inhibit CO2 

dissolution in water and the subsequent carbonation of Ca(OH)2. To exploit the (inverse) solubility 

dependence of Ca(OH)2 with temperature and to induce precipitation, the solution temperature was 

increased by circulating hot water through the jacketed reactor. Reagent grade Ca(OH)2 solutions 

were heated to 85 °C at (actual) heating rates (dT/dt) of 10 °C/h, 27 °C/h, and 54 °C/h. The 

solution’s electrical conductivity σexp, pH, and temperature T were measured continuously using 

a ThermoScientific Orion Versa Star meter. These measurements were used to determine the onset 

of Ca(OH)2 precipitation and the [Ca] concentration in solution according to:74 σexp =

∑ zii ciλi(T), where λi is the equivalent conductivity, zi is the valence, and ci is the concentration 

of each ionic species (i = Ca2+, OH−). The equivalent conductivity of any ionic species λi
 was 

calculated from the Onsager relations expressed as:75 λi(T) = λi
o(T) −  Si(T)Γ1/2, where λi

o 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  Γ is the ional concentration of 

the solution (see Appendix A: ionic conductivity calculations).75 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 µm pore size) and a heated ceramic funnel to minimize the 

redissolution of the precipitated Ca(OH)2. The crystals were then dried in an initially N2(g)-purged 

desiccator for 24 h under vacuum at room temperature to remove water and minimize the 

carbonation of Ca(OH)2. The dried solids were placed on a carbon tape for morphology and 
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elemental analysis using SEM-EDS, as previously discussed. Further, a small amount (~3 mg) of 

dried Ca(OH)2 crystals were characterized using thermogravimetric analysis (TGA) using a Perkin 

Elmer 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 N2(g) was circulated through the sample 

chamber at a flow rate of 20 mL/min. The mass change versus temperature revealed the presence 

and quantity of Ca(OH)2 and CaCO3 present on account of their characteristic thermal 

decomposition at temperatures in excess of ~400 °C76,77 and ~600 °C,78 respectively. 

2.3. Results and discussion 

2.3.1. Slag leaching 

Figure 2.3 shows the calcium concentration [Ca] as a function of time (in log scale) for slag 

particles smaller than 106 µm 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.79 

Increasing s/l resulted in larger [Ca] concentrations since adding more slag increased the amount 

of calcium available for leaching. Figure 2.3(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)2 at 20 °C (22 mM).65 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 
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reduction in the [Si] concentration in the leachate at similar times (see Appendix A: Figure A1), 

suggesting the precipitation of a calcium silicate hydrate (C-S-H) phase.80 As such, although 

calcium leaching is enhanced and somewhat accelerated by increasing s/l, the amount of [Ca] that 

can be sustained in solution is limited by the equilibrium solubility of one or more phases, 

including Ca(OH)2.56,81,82 In general, Figure 2.3(a-b) highlights that reducing s/l 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, depended strongly 

on the type of slag used (see Figure A2).46,82–84 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 

solution 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.51,85,86 Figures 2.3(c-d) shows the calcium extraction XCa and the calcium leaching rate 

ṅCa as functions of time for different s/l for stirred conditions. Figure 2.3(c) shows that XCa 

decreased with increasing s/l; i.e., suggesting reducing efficiency of Ca-extraction from the slag 

with increasing s/l;50 albeit offering meaningfully faster Ca-mobilization into solution [see Figure 

2.3(d)].  

Taken together, the data in Figure 2.3 indicates: a) larger s/l maximizes the amount of [Ca] leached 

and a smaller s/l maximizes XCa, b) with short duration leaching (in a single cycle), in the best case 

(s/l = 0.01, 24 hours leaching) no more than 8 mol % of the Ca-content of slag was extracted.87 

Finally and unsurprisingly, with increasing leaching time and a decreasing undersaturation with 

respect to the dissolving/leaching slag, the Ca-leaching rate decreased (ṅCa) exponentially with 

time. Thus, practically, the leaching time should be reduced as much as possible88 (i.e., ≤ 6 hours) 
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to achieve a critical (minimal) Ca-content in solution as would be appropriate for the follow-on 

RO concentration step.  

  

  
Figure 2.3. 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 𝑋𝐶𝑎, 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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2.3.2. Batch reverse osmosis concentration 

Batch RO concentration was carried out using reagent grade Ca(OH)2 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 cm3/min and gauge pressure of 413 kPa. The calcium concentration in the feed 

tank [Ca]F increased throughout the duration of the experiment while the calcium concentration in 

the permeate tank [Ca]P remained below 1 mM. The final calcium concentration in the feed tank 

[Ca]F readily approached the saturation level of Ca(OH)2 (~21 mM at 25°C)67 in both reagent 

grade Ca(OH)2 and slag leachate solutions for an initial calcium concentration [Ca]i of 10 mM.  

Figure 2.4 shows the permeate concentration factor CFP and the retentate concentration factor 

CFR as functions of time for: (a) reagent-grade Ca(OH)2 solutions and (b) slag leachate solutions 

for initial feed calcium concentrations [Ca]i of 5 mM and 10 mM. It indicates that the retentate 

concentration factor CFR was always smaller for the solutions with larger initial feed concentration 

[Ca]i. This difference is on account of the osmotic pressure π, which is larger for solutions with a 

larger initial feed concentration [Ca]i according to the Van’t-Hoff relation89: π = RU TF( [Ca]F +

[OH−]F), where RU is the universal gas constant, TF is the feed temperature and  [Ca]F and [OH−]F 

are the calcium and hydroxide concentrations in the feed solution, respectively. Since larger 

concentration leads to larger osmotic pressure π, the flow rate of permeate solution V̇P crossing the 

membrane decreased according to89: V̇P = AmLp(∆P𝑚𝑒𝑚 − ∆π), where Am is the membrane area, 

Lp is the membrane permeability, ∆P𝑚𝑒𝑚 is the pressure difference and ∆π is the osmotic pressure 

difference, between the feed and permeate solutions. Since the experiments were performed at a 

constant feed pressure, ∆P𝑚𝑒𝑚 was constant. On the other hand, increasing the initial calcium 

concentration [Ca]i from 5 to 10 mM increased ∆π, thus reducing the driving force (∆P𝑚𝑒𝑚 − ∆π) 
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and decreasing the permeate flow rate V̇P. Consequently, the retentate concentration factor CF𝑅 as 

a function of time was slightly lower for solutions with [Ca]i of 10 mM compared to 5 mM. 

  

 
 

Figure 2.4. The permeate concentration factor 𝐶𝐹𝑝 (blue) and retentate concentration factor 

𝐶𝐹𝑟 (orange) as a function of time for initial calcium concentration [𝐶𝑎]𝑖 of 5 and 10 mM for: 

(a) reagent-grade Ca(OH)2  solution, and (b) slag leachate solutions. RO concentration data 

showing permeate concentration factor 𝐶𝐹𝑝 (blue) and retentate concentration factor 𝐶𝐹𝑟 

(orange) as a function of water recovery 𝑌 for: (c) reagent grade Ca(OH)2  solution, and (d) 

slag leachate solutions. The dashed line corresponds to maximum theoretical 𝐶𝐹𝑟 assuming 

100% calcium rejection by the RO membrane. 
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In addition, Figure 2.4 also shows the permeate concentration factor 𝐶𝐹𝑃 and the retentate 

concentration factor 𝐶𝐹𝑅 as a function of the water recovery 𝑌 for reagent grade Ca(OH)2 solutions 

and slag leachate solutions. Assuming that all the calcium in the feed solution was rejected by the 

membrane (𝑅 = 100 %, 𝐶𝐹𝑃 = 0), the maximum theoretical value of 𝐶𝐹𝑅 can be calculated from 

a mass balance as 90: 𝐶𝐹𝑅 =
1

(1−𝑌)
.  Figure 2.4 (c-d) indicates that the calculated retentate 

concentration factor 𝐶𝐹𝑅 follows the trend corresponding to 100% rejection for both reagent grade 

Ca(OH)2 and slag leachate solutions. The slight deviation from the trend might be due to the 

uncertainties in calculating the permeate volume, which was not measured directly but estimated 

from permeate flow rate measurements. Moreover, Figure 2.4 reveals that the difference between 

the retentate concentration factor 𝐶𝐹𝑅  calculated for the two initial feed concentrations ([𝐶𝑎]𝑖 = 5 

mM, 10 mM) was somewhat larger for the slag leachate solutions than reagent grade Ca(OH)2 

solutions. 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]𝑃.91 On the other hand, a typical sign of 

membrane scaling is a decrease in the permeate flow rate �̇�𝑃.92–95 We observed that calcium 

rejection 𝑅 remained above 90% for both reagent grade Ca(OH)2 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 �̇�𝑃. In fact, �̇�𝑃 remained constant at 0.9 ± 0.1 mL/min for 

both 5- and 10-mM reagent grade Ca(OH)2 solutions, whereas it declined when water recovery 

reached 40% in the case of the 10 mM slag leachate solutions. This decline in �̇�𝑃 is attributed to 
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scale formation on the membrane surface, e.g., due to the formation of Ca(OH)2, and/or hydrated 

calcium phases. Based on the retentate composition at 6 hours, Ca(OH)2 and 11Å Tobermorite 

have saturation indexes of 0.03 and 2.35, respectively (See Figure A3) – suggesting their 

precipitation.96,97 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)2 

solutions, i.e., 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 

equilibrium towards Ca(OH)2 precipitation.  

Figure 2.5 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]𝑖 of 10 mM. 

Here (and in the case of Ca(OH)2 solutions), the crystallite size ranged from 100 µm to 300 µm. 

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)2 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)2 solutions with the same 

initial calcium concentration. Nevertheless, scaling could be avoided through precautionary 

measures. For example, stopping RO concentration before reaching Ca(OH)2 saturation, or 

reversing the feed flow direction periodically to change the saturation index of precipitate phases 

within the RO cell.94,98  
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Figure 2.5. The characterization of precipitated Ca(OH)2 crystals obtained from saturated slag 

leachate solutions using: (a) Thermal analysis showing evidence of Ca(OH)2 and CaCO3, 

respectively, (b) Micrographs confirming the presence of Ca(OH)2 and CaCO3, 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 
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Table 2.1 summarizes EDS elemental analysis (in atom %) of crystallites deposited on the 

membrane surfaces (the sampling points are shown in the inset of Figure 2.5 c). The O-Ca ratio 

was noted as being 2 ± 0.3 across all solutions considered (see Table 2.1), whereas carbon, 

aluminum, and silicon were detected only in small quantities suggesting compositions consisting 

of mainly Ca(OH)2, and small quantities of CaCO3 and/or low-rank hydrated calcium-silicate 

compounds.99 

Table 2.1. The elemental composition of the mineral scale formed on the RO membrane surfaces 

as analyzed using SEM-EDS. 

Element (atom %) Ca(OH)2 solution Slag leachate solution 

Ca 32.55 ± 0.94 28.80 ± 2.68 

O 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 

2.3.3. Precipitation of calcium hydroxide from concentrated solutions 

Following concentration, precipitation experiments were carried out using the reagent grade 

Ca(OH)2 and slag leachate solutions. Temperature-swing induced precipitation was 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 (i.e., 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.100,101 At the end of the temperature ramping process, ~3 mg of precipitates were 

collected (via filtration) from the saturated slag leachate solution.  
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Figure 2.6. 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)2. This data was 

obtained during the precipitation of reagent-grade Ca(OH)2 solutions at different temperature 

ramp rates. 
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Figure 2.5 shows the characterization of precipitates obtained from the slag leachate using (a) TGA 

and (b) SEM. Herein, TGA [Figure 2.5(a)] shows that 66 mass % of the analyzed precipitates 

corresponding to Ca(OH)2 started to decompose at 400 °C.77,102 An additional 15 mass % of the 

precipitates started to decompose around 600 °C, indicating the presence of impurity CaCO3 that 

formed due to: a) the presence of dissolved CO2 in the feed water.
78 and/or, b) brief exposure of 

the wet Ca(OH)2 precipitates to air during drying wherein they readily carbonate on contact with 

atmospheric CO2.103 The remaining 19 mass % impurities appear to be composed of slag 

particulates. As such, although the formation of Ca(OH)2 was confirmed, it is important to control 

the ambient conditions during precipitation, separation and drying to avoid Ca(OH)2 carbonation. 

Figure 2.5(b) shows representative SEM images of the precipitates whose particle size ranged 

between 2 and 10 µm. While it is indeed anticipated that particles smaller than 2 µm were present, 

they were not collected due to the large pores of the filter used for separation (>3 µm). Moreover, 

the precipitated crystals featured two differentiated morphologies: (i) small hexagonal platelet 

aggregates corresponding to Ca(OH)2
104,105 and (ii) individual crystals with rhomb-like structures 

resembling CaCO3.
106,107  

Finally, Figure 2.6 shows (a) the measured ionic conductivity, (b) the corresponding [Ca] 

concentration (i.e., calculated using Equations (A1-A10)) as functions of temperature for different 

heating rates ranging from 10 to 50 °C/h for near-saturated reagent grade Ca(OH)2 solutions, Also 

shown is the theoretical solution conductivity σcalc and estimated [Ca] concentration for a solution 

with an initial Ca-concentration of 21.2 mM: (i) in the absence of precipitation and (ii) during 

ongoing Ca(OH)2 precipitation which acts to remove calcium and hydroxyl species from solution 

thereby resulting in a reduction of the solution conductivity. It is interesting to note that the onset 

of precipitation occurred at the same temperature across all heating rates, i.e., as indicated by the 



27 

 

reduction of the measured conductivity σexp vis-à-vis the calculated conductivity σcalc and the 

[Ca] concentration in solution. Nonetheless, the heating rate may affect the precipitation 

kinetics108,109 and final properties of the precipitates as shown, for example, for the aqueous 

precipitation of TiO2 from TiOCl4 solutions.110 Overall, across all ramp rates, ~5 millimoles of 

Ca(OH)2 per liter of solution were precipitated while heating to 85 °C, consistent with the 

calculated equilibrium precipitation yield based on the (retrograde) solubility of Ca(OH)2. 

The calculated saturation index (SI) of Ca(OH)2 as a function of temperature for [Ca]initial = 21.2 

mM is shown in Figure 2.6(c). In qualitative compliance with classical nucleation theory (CNT), 

Figure 2.6 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.  

2.3.4. Energy analysis 

Energy and CO2 balances associated with traditional and novel methods of Ca(OH)2 production:  

The traditional pathway for Ca(OH)2 production involves the thermal decomposition of limestone 

(CaCO3) to lime (CaO) at 900 °C; following which the lime is slaked (hydrated) to produce 

Ca(OH)2.111,112 Here, high-grade heat is sourced from the combustion of fossil fuels. The enthalpic 

energy consumption qT to produce 1 kg of Ca(OH)2 can be estimated (i.e., without considering 

thermal losses, or inefficiency) as qT =
1

MCa(OH)2

(∆Hrxn ) = 2.4 MJ kg  Ca(OH)2⁄ , where 

MCa(OH)2
 = 0.0741 kg/mol is the molar mass of Ca(OH)2, ∆Hrxn = 179.2 kJ/mol CaCO3 is the 

enthalpy of the calcination reaction CaCO3 → CaO + CO2.49 The thermal efficiency (η =

∆Hrxn ∗ṁCaCO3

ṁfuel∗LHV
)  of a typical vertical shaft kiln – the lime industry standard – is around 60%.112

 Thus, 

the actual energy consumption of the traditional thermal process is on the order of 4 MJ/kg 

Ca(OH)2,
113

  and can be substantively larger for rotary lime kilns.14,16,112 
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The energy required to produce 1 kg of Ca(OH)2 via the low-temperature precipitation process can 

be calculated based on mass and energy conservation principles, and the data from the prior 

sections (see Figure 2.1). 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)2 

according to 𝑤𝑅𝑂 = 𝑉∆𝑃, 𝑤here 𝑉 = 5.4 m3 is the total volume of solution to produce 1 kg of  

Ca(OH)2 and ∆𝑃 = 414 kPa is the pressure difference between the pump inlet and outlet for the 

process conditions summarized in Figure 2.1. Similarly, the mechanical work of the low-pressure 

pumps 𝑊𝑃 can also be calculated as ∆𝑃 =
8𝑓𝐿𝜌�̇�2

𝜋2𝐷5 , where, ∆𝑃 is the pressure drop due to friction 

losses in pipes,114 𝐷 is the pipe diameter (𝐷 = 0.009 m), 𝐿 = 1 m is the length of the pipe, 𝜌 = 1000 

kg/m3 is the solution density, and 𝑓 = 0.041 is Darcy’s friction factor corresponding to the solution 

volumetric flow rate necessary to produce 1 kg of Ca(OH)2 per day (�̇� = 3.1x10-5 m3/s). Under 

these assumptions, ∆𝑃 is equal to 474 Pa. The mechanical work of the low-pressure pumps 𝑊𝑃 (is 

multiplied by 2 to account for the number of pumps) was 5.1 kJ/kg of Ca(OH)2. This number is 

nearly three orders of magnitude lower than the work of the RO pump 𝑤𝑅𝑂.  

The sensible heat required to induce the temperature-swing, and in turn, portlandite precipitation, 

𝑞𝑝 was estimated as follows. Previously, it was demonstrated that 5 millimoles of Ca(OH)2 

precipitate when heating near-saturated reagent grade Ca(OH)2 solutions from 25 °C to 85 °C (∆𝑇 

= 60 °C). As such, following a simple mass balance, the mass of water to produce 1 kg of Ca(OH)2 

is 𝑚 = 2700 kg H2O/kg Ca(OH)2. Assuming > 90 mass % recovery of water, this translates into a 

consumable water demand of less than 270 kg H2O/kg Ca(OH)2. Thus, the sensible heat demand 

was calculated as 𝑞𝑠,𝑝 = 𝑚𝑐𝑝∆𝑇 = 677.15 MJ/kg Ca(OH)2, where 𝑐𝑝 = 4.18 kJ/kg is the specific 

heat of water.115 This indicates that the thermal energy demand for precipitation is two orders of 
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magnitude larger than the mechanical energy consumption of the RO pump because only 0.37 g 

of Ca(OH)2 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).116 

Table 2.2. A comparison of the energy intensity of traditional calcination and novel calcination-

free Ca(OH)2 production processes. Herein, for the “Novel” process, the thermal energy – being 

in the form of low-grade waste heat – is excluded from the analysis. 

Energy consumption (kJ/kg Ca(OH)2) Traditional process Proposed process 

Total thermal energy 𝑄𝑇 4,000 @ 900 °C 677,150 @ 85°C 

Total work 𝑊𝑇 = 𝑊𝑅𝑂 + 𝑊𝑃 --- 2,241 

Total energy 𝐸𝑇 = 𝑄𝑇 + 𝑊𝑇 4,000 679,391 

Total high-grade energy 𝐸𝑇 −  𝑄𝑠,𝑎𝑙𝑡 4,000 2,241 

 

Table 2.2 compares the energy demand to produce 1 kg of Ca(OH)2 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. The 

main advantage of the alternative process, however, is that it obviates CO2 emissions associated 

with limestone’s decomposition, while allowing alkaline waste utilization. The alternative process 

requires 2241 kJ (0.62 kWh) of electrical energy per kg of Ca(OH)2. Hence, assuming that 0.43 kg 
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of CO2 are emitted per kWh of electricity consumed (e.g., corresponding to natural gas 

combustion, or 0.03 kg of CO2 per kWh for renewable solar power117,118)119 and neglecting CO2 

emissions associated with low grade waste heat, the CO2 emissions of the alternative process are 

on the order of ~0.27 kg CO2 per kg of Ca(OH)2. On the other hand, conservatively, 0.74-to-0.86 

kg of CO2 are produced per kg of Ca(OH)2 in the traditional production process depending on the 

type of fuel utilized.16 This estimate includes CO2 released on account of the thermal 

decomposition of CaCO3 [0.59 kg CO2/kg of Ca(OH)2] and the CO2 emitted from natural gas 

combustion [0.15 to 0.27 kg CO2/kg of Ca(OH)2],16,113 but these numbers could be larger for less 

efficient kilns.14 Thus, the CO2 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. 

2.4. Conclusion 

This study has demonstrated a calcination-free pathway to produce Ca(OH)2 using industrial 

alkaline wastes as a feedstock. 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 

systematically 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 

(high grade) specific energy demand (kJ per kg of Ca(OH)2) that is nearly 44% lower than 
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traditional thermal processes; and importantly obviates the need to decarbonize limestone. As a 

result, this low temperature process presents a specific CO2 intensity that is 65% smaller than 

conventional methods. This is significant as Ca(OH)2 produced in this manner can uptake more 

CO2 than it associated with its own production forming a basis for a truly CO2-negative material.  
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CHAPTER 3  

Pilot-scale Process Design and Demonstration  

This chapter establishes the design and demonstrates the operation of a continuous, low-

temperature (< 100°C), aqueous-phase pilot-process to produce Ca(OH)2 using calcium extracted 

from alkaline industrial wastes. The three-step process encompasses unit operations including: (i) 

calcium leaching from basic oxygen furnace (BOF) slag, (ii) leachate concentration by reverse 

osmosis (RO), and (iii) Ca(OH)2 precipitation. The mass and energy balances were quantified to 

reveal that increasing the calcium concentration of the feed solution and the precipitation 

temperature, decrease the energy demands of the RO step, thereby reducing the process’s overall 

CO2 footprint. The pilot system operated continuously and achieved a production rate of nearly 1 

kg per day of Ca(OH)2 with a purity greater than 95 wt.%. The average particle size of the 

precipitates depended on the residence time in the precipitation reactor, suggesting an ability to 

produce size-controlled particulates. Importantly, the process achieved full water 

recirculation/reutilization level indicative of a low-consumable water demand. The outcomes offer 

new insights and understanding relevant to developing and upscaling low-CO2 processes for 

cement, lime, and portlandite.  

3.1.      Background 

The proof-of concept was demonstrated successfully on the laboratory scale, albeit further research 

is still needed to validate the feasibility of the process. Regarding leaching, the previous chapter 

showed that when slag and water come in contact, a solution with calcium concentration ([Ca]) 

ranging from 2 to 17 mmol/L (mM) is obtained.120 It also demonstrated that achieving large 

calcium concentrations in solution by increasing the solid to liquid ratio during leaching comes at 
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the expense of calcium extraction efficiency.120 Additionally, results indicated that the maximum 

calcium concentration that can be sustained in solution during leaching is lower than the saturation 

concentration of Ca(OH)2 at room temperature, since the silicon from slag captures the dissolved 

calcium through the precipitation of calcium silicate hydrate phases which have lower solubility 

than Ca(OH)2.121–123 Although the method developed was demonstrated with BOF slag, other types 

of slag, fly ashes, and alkaline rock species can also release calcium through leaching.39,53,56,57,85 

The leachate was then concentrated through reverse osmosis (RO), wherein a membrane 

semipermeable to water rejects cations (e.g., Ca2+, Mg2+) by size and/or charge exclusion 

mechanisms,66 producing a permeate stream with low ionic concentration and enriching the 

retentate stream up to the saturation point of Ca(OH)2 (~21.2 mmol/L at pH = 12.5 and T = 25 °C 

65). In our previous research, batch RO experiments – wherein the concentration of the feed 

increases as a function of time – indicated that after 6 hours, membrane scaling hindered the 

concentration process, posing questions on the stability of the concentration step at longer times 

and larger scale. Finally, we demonstrated the precipitation of Ca(OH)2 from the concentrated slag 

leachates by harnessing the retrograde solubility of Ca(OH)2
67 when increasing the solution 

temperature above 65 °C. In total, we retrieved ~ 3 mg of precipitates from 0.5 L of solution with 

a purity of 66%. Although the quantity and purity of the synthesized Ca(OH)2 crystals were low, 

achieving precipitation at sub-boiling temperature (≤ 100 °C) demonstrated that the process can 

be scaled up using underutilized low-grade waste heat from industrial facilities.  

In the previous chapter, each step of the proposed process was demonstrated separately but we did 

not show a continuous integrated process, a key step towards process intensification. In addition, 

the process could have a large water footprint, requiring 5400 L of water per kg of Ca(OH)2 

produced. Thus, water recirculation is essential to demonstrate that this technology is technically 
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viable. Hence, this study aims to scale-up the three-step Ca(OH)2 production method previously 

developed120 by demonstrating a continuous pilot system capable of producing up to 1 kg of 

Ca(OH)2 per day. The process design and the different operating conditions tested were guided by 

a steady-state model based on mass and energy conservation principles to study the influence of 

calcium concentration and precipitation temperature on the process energy consumption, 

production throughput, and properties of the Ca(OH)2 produced. 

3.2.      Materials and methods 

3.2.1.      Materials 

Slag preparation and characterization 

500 kg of BOF slag were obtained from Stein Inc (Ohio, U.S) and milled in 5 batches for 2 hours 

by U.S.Stoneware (Ohio, U.S.) using a 27-gallon ball mill. The slag was then separated into 

different size fractions using a ro-tap ® Model B (W.S. Tyler Incorporated). Figure 3.1 shows (a)  

the particle size distribution and (b) the mineralogical composition of the BOF slag. The particle 

size distribution was measured using a Beckman Coulter LS 13-320 static light scattering analyzer 

by suspending the particles in DI water. The particle size distribution was used to calculate the 

geometric surface area (GSA) in cm2/g of the samples as124  

𝐺𝑆𝐴 = ∑
𝑆𝐴𝑖𝜑𝑖

𝑉𝑖𝜌𝑠𝑙𝑎𝑔

𝑛

𝑖

 (3.1) 

where 𝜑𝑖 is the volume fraction of particles with diameters between “i” and “i+1”, 𝑆𝐴𝑖 (in cm2) 

and 𝑉𝑖 (in cm3) are the surface area and volume of the sphere. The density of the slag 𝜌𝑠𝑙𝑎𝑔 was 

assumed to be 3.46 g/cm3.125
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The mineralogical composition of the BOF slag was determined prior to and after 30 minutes of 

dissolution using X-ray diffraction (XRD). XRD analysis was performed using a PANalytical 

X’Pertpro diffractometer (θ-θ configuration, CuKα radiation, k = 1.54 Å). Scans were acquired 

between 5° and 70° with a step scan of 0.02° using a scientific X’Celerator 2 detector on powder 

samples. The following crystalline phases were detected in the slag before dissolution: portlandite 

– Ca(OH)2 (PDF #04-010-3117), quartz – SiO2 (PDF #04-012-0490), calcite – CaCO3 (PDF #04-

008-0788), larnite – Ca2SiO4 (AMCSD #0020214), brownmillerite – Ca2(Fe,Al)2O5 (AMCSD # 

0003434), Wüstite – FeO (AMCSD #0002758), Periclase – MgO (PDF #04-010-4039), Magnetite 

– Fe3O4 (PDF #04-005-4319), and Hematite – Fe2O3 (PDF #04-003-2900). All these crystalline 

phases are commonly found in BOF slag.43,126 A broad peak at 2θ = 35° also indicated the presence 

of a significant fraction of amorphous content in the slag. Finally, the chemical composition (in 

mass %) of the BOF slag was measured using X-ray fluorescence (XRF). The slag was dominantly 

composed of Fe2O3 (65.9 %), followed by CaO (19.3 %), SiO2 (7.1%), MgO (4.7%), and Al2O3 

(1.71%). 

Ca(OH)2 characterization 

The total mass of Ca(OH)2 precipitated experimentally 𝑚𝐶𝑎(𝑂𝐻)2,𝑒 was determined as the sum of 

Ca(OH)2 recovered in the filter bags and the Ca(OH)2 precipitated on the surface of the reactor 

heaters. At the end of the experiment, the precipitated Ca(OH)2 was collected, weighed, and stored 

under vacuum conditions at room temperature for one week for subsequent analysis. The mass of 

Ca(OH)2 remaining on the filters was determined by drying the filters at 60 °C for 24 hours and 

calculating the difference in the dry filter mass before and after the tests. The mass production rate 

�̇�𝐶𝑎(𝑂𝐻)2,𝑒 of Ca(OH)2  was estimated as the mass of Ca(OH)2 measured experimentally divided 

by the duration of the experiment.  
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Figure 3.1. (a) particle size distribution of the slag and (b) XRD diffractogram of the slag 

before and after 30 minutes of dissolution in DI water. The results indicate that Ca(OH)2 

dissolution was predominant over any other phases present in the slag. Note that zincite (ZnO, 

99.999%) was used as an internal standard for XRD analysis. Its peaks at 31.7º, 34.4º, and 

36.2º 2θ are not shown here for clarity. 

The Ca(OH)2 crystals were characterized using thermogravimetric analysis (TGA), X-ray 

diffraction (XRD), and Scanning Electron Microscope (SEM). TGA was performed using a Perkin 
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Elmer 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 N2 gas was circulated through the sample 

chamber at a flow rate of 20 mL/min. The mass change versus temperature revealed the presence 

and quantity of H2O, Ca(OH)2 and CaCO3 present on account of their characteristic thermal 

decomposition at temperatures in excess of ~100 °C, ~400 °C 76,77 and ~600 °C,78 respectively. 

XRD analysis was performed as previously detailed for the slag characterization. Here, portlandite 

PDF #04-010-3117 was used as a reference. Finally, the morphology of the vacuum-dried crystals 

was evaluated using a G2 Phenom Scanning Electron Microscope fitted with an energy dispersive 

(SEM-EDS) X-ray analyzer under high vacuum conditions at an accelerating voltage of 15 kV.  

3.2.2.      Pilot system 

Equipment  

Figure 3.2 shows (a) a schematic rendering and (b) a photograph of the experimental pilot system 

built to produce Ca(OH)2. A video of the operation of the pilot system is presented in 

supplementary information. The main unit operations were leaching (batch operation), reverse 

osmosis (continuous operation), and precipitation (continuous operation). Leaching was carried 

out in a stirred leaching reactor comprised of a polyethylene cone tank (150 L) stirred by a Dayton 

drum mixer operating at 1700 rpm. Thereafter, two separation steps were used to remove the solids 

from the leachate. First, a trap for solid particulates (Gleco trap HV18 L capacity) was placed at 

the exit of the leaching reactor to separate the coarser grains of slag from the leachate. Second, a 

cartridge filter was placed at the exit of the leachate buffer tank to prevent particles larger than 5 

µm from entering the feed reservoir. Each leachate batch was discharged to the leachate buffer 

tank (160 L) using a centrifugal pump (Iwaki NRD series) with 900 L/h capacity. A gear pump 
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(micropump GJ series) was used to maintain a constant flow rate of solution from the leachate 

buffer to the feed reservoir and enabled the coupling of the batch leaching step with the continuous 

concentration and precipitation steps of the process.  

Reverse osmosis concentration was performed by pressurizing the feed – with a Goulds pump 

(1SV30FF4C60) connected to an Aquavar intelligent pump controller – through two pressure 

vessels operating in series equipped with BW30-2540 Filmtec spiral wound membranes (5.2 m2 

total active membrane area). To minimize the water consumption, the permeate stream was 

recycled for leaching. Using the permeate buffer tank (160 L), the permeate stream was collected 

until the tank was full. Subsequent leaching batches were carried out using the permeate solution 

collected in the mentioned buffer tank by quickly transferring the permeate to the leaching tank 

using a submersible pump. Thus, the water was fully recirculated, and the process was sustained 

using only the water required to startup the system. The retentate stream was directed to a thermally 

insulated stainless-steel precipitation reactor (190 L) operating at a constant temperature of 95 ± 5 

°C thanks to two Tempco electric heaters (6 kW each). Mixing in the precipitation reactor was 

achieved by using an electric mixer operating at 1750 rpm. After precipitation, the Ca(OH)2 

crystals were collected by pumping the saturated solution through a filter bag (pore size: 5 µm) 

with stainless steel housing. Thereafter, the filtered saturated solution was recycled back to the 

feed reservoir and mixed with the leachate stream. A copper coil placed inside the feed reservoir 

(1.3 m2 heat exchange area) was used for cooling the feed stream by circulating 450 L/h of water  

at 18 °C.  
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Figure 3.2. (a) A rendering of the pilot system at UCLA, and (b) a photograph of the 

experimental pilot system built to produce Ca(OH)2. 
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Instrumentation and sampling 

The temperatures in the feed reservoir and in the precipitation reactor were continuously monitored 

using two Type-T thermocouples connected to a data acquisition card (NI-9213 connected to a NI 

USB-9162) and recorded using Labview V14. The pressure in the retentate stream and the 

conductivity in the feed reservoir were continuously measured using a data acquisition card Iotech 

DAQ 3000 Series using Dasylab V10 connected to a Balluf pressure and a conductivity meter 

(Omega CDTX-2853), respectively. The conductivity measurements were used to estimate the 

calcium concentration of the feed stream using a calibration curve relating conductivity to the total 

calcium concentration [Ca] (Figure B1). During continuous operation, the flow rates in the 

permeate, retentate, saturate, and leachate streams were recorded every hour using analog King 

flowmeters. In addition, 20 mL samples were taken every hour in each stream to test for 

concentration of dissolved species. Additionally, solution aliquots of 20 mL were extracted after 

0, 5, 10, 20, and 30 minutes for every leaching batch. All samples were immediately filtered 

through 0.2 µm syringe filters to remove particulates and to avoid concentration changes in the 

sample. Analysis of total dissolved calcium concentration [Ca] was performed using a Perkin 

Elmer Avio 200 inductively coupled plasma – optical emission spectrometer (ICP-OES). Prior to 

elemental analysis, the samples were diluted in 5 vol. % HNO3. The ICP-OES was calibrated using 

standard solutions containing calcium in concentrations of 0, 0.1, 1, 10, 25, 50, and 100 ppm 

prepared using analytical (1000 ppm) standards from Inorganic Ventures. 

Startup procedure and operating conditions 

During the startup, 7.5 kg of basic oxygen furnace (BOF) slag were mixed with 150 L of water for 

30 minutes to achieve a solid to liquid mass fraction (s/l) of 0.05 and [Ca] concentration of ~11 

mM. Four leaching batches were used to fill the feed reservoir (300 L) and the leachate buffer tank 
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with the leachate solution. Subsequently, the precipitation reactor was filled with concentrated 

leachate solution and heated to 95 °C. After the concentrated leachate achieved the desired 

temperature, the pumps feeding and draining the feed reservoir were turned on for continuous 

operation. Additionally, during continuous operation, the s/l ratio for leaching was switched from 

0.05 to 0.03 to maintain a constant feed concentration [𝐶𝑎]𝐹 of 10 mM and to minimize slag 

consumption. 

Table 3.1. Operating conditions used to test the system during the pilot tests. 

Pilot tests 1 2 3 

Average feed flow rate �̇�𝑭 (L/h) 254 185 90 

Average saturate flow rate �̇�𝑺 (L/h) 134 90 44 

Average leachate flow rate �̇�𝑳 (L/h) 120 95 46 

Hours of continuous operation (h) 8 12 24 

Average precipitation temperature 𝑻𝑺 (°C) 87 95 95 

The pilot was tested in continuous operation in  8- 12- and 24-hour trials, herein referred to as pilot 

test 1, 2 and 3, respectively. Table 3.1 shows the operating conditions of the three pilot tests. 

Different feed pressure and flow rates were tested to evaluate changes in the process efficiency or 

characteristics of the final product. 

3.2.3.      Energy balance 

To perform a detailed energy balance of the process, we calculated the energy of grinding and 

mixing as well as the energy consumed for heating and pumping. 

Grinding energy consumption  

The specific energy consumption of grinding slag 𝑤𝑔,𝑠𝑙𝑎𝑔 (in kWh/ton slag) was given by 127 

𝑤𝑔,𝑠𝑙𝑎𝑔 = 𝑊𝑏 (
10

√𝑑𝑓

−
10

√𝑑𝑖

) (3.2) 
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where 𝑊𝑏 = 18.3 kWh/ton slag is the Bond work index of slag,128 𝑑𝑖 = 9500 μm is the initial 

particle size and 𝑑𝑓 = 100 μm is the desired final particle size. The energy associated with grinding 

for pilot tests 1, 2, and 3 was given by 𝑊𝑔 = 𝑤𝑔,𝑠𝑙𝑎𝑔𝑚𝑠𝑙𝑎𝑔 where the total mass of slag 𝑚𝑠𝑙𝑎𝑔 used 

was 48 kg, 50.5 kg, and 59.5 kg, respectively. The specific grinding energy consumption (per unit 

mass of Ca(OH)2) was calculated by dividing the grinding energy by the total mass of Ca(OH)2 

produced: 𝑤𝑔 = 𝑊𝑔/𝑚𝐶𝑎(𝑂𝐻)2,𝑒. 

Mixing energy consumption 

The power consumption of the mixers �̇�𝑚 (in W) was computed according to129 

�̇�𝑚 = 𝑁𝑝𝜌𝜔3𝐷𝐼
5 (3.3) 

where 𝑁𝑝 = 0.35 is the power number, 𝜌 = 1000 kg/m3 is the density of the fluid, 𝜔 = 29 s-1 is the 

rotation frequency (corresponding to a standard 1750 rpm electric motor), and 𝐷𝐼 = 0.095 m is the 

impeller diameter.129 Each leaching batch was stirred for 30 minutes. Thus, the energy consumed 

by the mixer during leaching 𝑊𝑚,𝐿 (in J) was expressed as  

𝑊𝑚,𝐿 = 1800𝑏�̇�𝑚 (3.4) 

where b stands for the total number of leaching batches carried out during the experiments. Pilot 

tests 1, 2, and 3 consumed 𝑏 = 7, 9, and 11 leaching batches, respectively. The factor 1800 

corresponds to the duration (in s) of each leaching batch. The mixer used in the stirred precipitation 

reactor was continuously active during the entire process. Thus, the mixing energy consumption 

of the continuously stirred precipitation reactor was given by 

𝑊𝑚,𝑃 = 𝑡�̇�𝑚 (3.5) 
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where 𝑡 is the duration of the continuous process (in s) and corresponds to 8, 12, and 24 hours for 

pilot tests 1, 2, and 3 respectively. The total energy consumed by the mixers in the entire process 

𝑊𝑚 (in J) was expressed as 

𝑊𝑚 = 𝑊𝑚,𝐿 + 𝑊𝑚,𝑃 (3.6) 

The specific mixing energy consumption (per unit mass of Ca(OH)2) was computed by dividing 

the mixing energy by the total mass of Ca(OH)2 produced: 𝑤𝑚 = 𝑊𝑚/𝑚𝐶𝑎(𝑂𝐻)2,𝑒. 

3.3.      Analysis 

3.3.1.      Assumptions 

To design the pilot system, a steady-state model of the process was developed based on mass and 

energy conservation principles and validated using Aspen Plus v10 (Figure B2).130 Figure 3.3 

shows the process flow diagram of the model and the variables considered in each stream. The 

leaching process was not simulated because the rate and magnitude of calcium release from slag 

could be influenced by many factors such as the type of slag, the particle size, the solid to liquid 

mass fraction (s/l), and the type of leaching reactor, e.g., batch, plug flow, continuously stirred 

reactor 56,57,88. Instead, the leachate concentration [𝐶𝑎]𝐿 was imposed to generalize the process to 

any type of alkaline leachate.  

The model was based on the following assumptions: (i) The process operated at steady state. (ii) 

The fluid was incompressible. (iii) The solution density was independent of temperature and can 

be approximated as that of water. (iv) The leachate entered the feed reservoir with a leachate 

calcium concentration [𝐶𝑎]𝐿 at flow rate �̇�𝐿. (v) The water was fully recirculated (i.e., �̇�𝐿 = �̇�𝑃). 

(vi) The temperature, pressure, and concentration were uniform inside each unit operation. (vii) 
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The complexation of calcium ions in solution was not considered and calcium was present either 

as an ions Ca2+ (hereafter referred to as [Ca]) or as solid Ca(OH)2.  

 
Figure 3.3. Process flow diagram of the steady-state model to produce Ca(OH)2 from alkaline 

calcium-containing leachates. The streams and variables considered in the model include: the 

volumetric flow rate �̇�, the calcium concentration [Ca], the pressure P, and the temperature T. 

3.3.2.      Model governing equations 

Reverse osmosis (RO) 

The power delivered by the RO pump �̇�𝑝 to increase the pressure of the solution from atmospheric 

pressure (𝑃𝑀 = 101325 Pa) in the feed reservoir to the desired feed stream pressure 𝑃𝐹 entering the 

RO unit was defined as114  

�̇�𝑝 =
�̇�𝐹 (𝑃𝐹 − 𝑃𝑀) 

𝜂𝑝
 (3.7) 

where �̇�𝐹 is the volumetric flow rate of the feed solution and  𝜂𝑝 = 0.8 is the hydraulic efficiency 

of the pump. Here also, the specific pumping energy 𝑤𝑝 (in J/kg of Ca(OH)2) was calculated by 

dividing the pumping power by the Ca(OH)2 production rate, i.e., 𝑤𝑝 = �̇�𝑝/�̇�𝐶𝑎(𝑂𝐻)2
. 

To model the RO membrane separation step, mass conservation equations for the solution and the 

calcium were expressed as  
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�̇�𝐹 = �̇�𝑃 + �̇�𝑅 (3.8) 

�̇�𝐹 [𝐶𝑎]𝐹 = �̇�𝑃[𝐶𝑎]𝑃 + �̇�𝑅[𝐶𝑎]𝑅 (3.9) 

where �̇�𝐹, �̇�𝑃, and �̇�𝑅 are the volumetric flow rates (in m3/s) of the feed, permeate, and retentate 

streams, respectively. Similarly,  [𝐶𝑎]𝐹, [𝐶𝑎]𝑃, and [𝐶𝑎]𝑅 (in mol/m3) are the calcium 

concentrations of the feed, permeate, and retentate streams, respectively. The volumetric flow rate 

of the permeate stream was given by131  

�̇�𝑃 = 𝐴𝑚𝐿𝑝(∆𝑃𝑚𝑒𝑚 − ∆𝜋) (3.10) 

where 𝐴𝑚 = 5.2 m2 is the membrane area, 𝐿𝑝 = 8.64 x 10-12 m3/(s m2 Pa) is the membrane 

permeability estimated from experimental data120 and reported in literature.132–134 ∆𝑃𝑚𝑒𝑚 is the 

transmembrane pressure difference defined as the difference between the feed 𝑃𝐹 and the permeate 

𝑃𝑃 pressures, i.e., ∆𝑃𝑚𝑒𝑚  = 𝑃𝐹 − 𝑃𝑃. The permeate stream was assumed to be at atmospheric 

pressure (𝑃𝑃 = 101325 Pa). The osmotic pressure difference between the feed and the permeate 

solutions was computed according to131,135   

∆𝜋 = 𝑅𝑈𝑇𝐹[([𝐶𝑎]𝐹 + [𝑂𝐻−]𝐹) − ([𝐶𝑎]𝑃 + [𝑂𝐻−]𝑃)] (3.11) 

where 𝑅𝑈 = 8.314 J/mol·K is the universal gas constant and 𝑇𝐹 = 293 K is the feed solution 

temperature. The concentration of hydroxide ions [𝑂𝐻−] in the entire process was calculated based 

on the electroneutrality principle such that 2[𝑂𝐻−] = [𝐶𝑎]. The permeate calcium concentration 

[𝐶𝑎]𝑃 was calculated based on the membrane rejection coefficient 𝑅 = 0.99 according to the 

membrane manufacturer so that 

[𝐶𝑎]𝑃 = [𝐶𝑎]𝐹(1 − 𝑅) (3.12) 
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Precipitation 

Following concentration in the RO unit, the retentate solution entered a continuously stirred 

precipitation reactor. The solution in this unit was assumed to be in equilibrium with the solid 

portlandite, i.e., 𝐶𝑎2+ + 2𝑂𝐻− ↔  𝐶𝑎(𝑂𝐻)2 (𝑠). The saturation concentration [𝐶𝑎]𝑠  was 

calculated based on the solubility of portlandite as a function of temperature [𝐶𝑎]𝑠 = 𝑓(𝑇𝑠), 

plotted in Figure 3.4. The volume flow rate of solid Ca(OH)2 exiting the crystallizer �̇�𝐶𝑎(𝑂𝐻)2
 was 

expressed as 

�̇�𝐶𝑎(𝑂𝐻)2
= �̇�𝑠𝜑𝐶𝑎(𝑂𝐻)2

= �̇�𝑠  
𝑀𝐶𝑎(𝑂𝐻)2

𝜌𝐶𝑎(𝑂𝐻)2

([𝐶𝑎]𝑅 − [𝐶𝑎]𝑠) 
(3.13) 

where �̇�𝑠 is the saturate flow rate and 𝜑𝐶𝑎(𝑂𝐻)2
= �̇�𝐶𝑎(𝑂𝐻)2

/�̇�𝑠 is the volume fraction of Ca(OH)2 

in the saturated solution. 𝜌𝐶𝑎(𝑂𝐻)2
 = 2.2 kg/m3 is the density of Ca(OH)2, 𝑀𝐶𝑎(𝑂𝐻)2

= 0.074 kg/mol 

is the molar mass of Ca(OH)2 and [𝐶𝑎]𝑅 and [𝐶𝑎]𝑠 are the retentate and saturate total calcium 

concentrations, respectively. The mass flow rate of Ca(OH)2 was calculated as �̇�𝐶𝑎(𝑂𝐻)2
=

�̇�𝐶𝑎(𝑂𝐻)2
𝜌𝐶𝑎(𝑂𝐻)2

. Since the volume fraction of Ca(OH)2 is very small 𝜑𝐶𝑎(𝑂𝐻)2
 ~ 2.6x10-4 the 

volumetric flow rate of the retentate and saturated stream were assumed to be equal so that �̇�𝑅 =

�̇�𝑠. Now, the thermal power (in W) required for Ca(OH)2 precipitation was written as  

�̇�ℎ𝑒𝑎𝑡 = 𝜌𝑐𝑝�̇�𝑅(𝑇𝑆 − 𝑇𝑅) (3.14) 

where 𝜌 = 1000 kg/m3 and 𝑐𝑝 = 4184 J/kg·K are respectively the density and heat capacity of the 

solution while 𝑇𝑆 and 𝑇𝑅 are saturate and retentate temperatures, respectively. The retentate 

temperature  𝑇𝑅 was assumed to be constant at 20 °C. The precipitation temperature 𝑇𝑆 was treated 

as an independent variable. The specific thermal energy 𝑞ℎ𝑒𝑎𝑡 consumed during the precipitation 

process was calculated by dividing the heating power �̇�ℎ𝑒𝑎𝑡 by the Ca(OH)2 mass production rate 
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𝑞ℎ𝑒𝑎𝑡 = �̇�ℎ𝑒𝑎𝑡/�̇�𝐶𝑎(𝑂𝐻)2
. Due to the low solubility of Ca(OH)2 in water, the saturate calcium 

concentration [𝐶𝑎]𝑆 is expected to be on the order of 14 – 16 mM. Thus, to maximize the 

conversion efficiency of aqueous calcium into solid Ca(OH)2, the saturated solution was 

recirculated back to the feed reservoir.  

 
Figure 3.4. Ca(OH)2 solubility as a function of temperature.65 

Feed reservoir 

To model the calcium concentration and volumetric flow rate at the exit of the feed reservoir, the 

mass conservation equations for the solution and calcium in the feed reservoir can be written as 

�̇�𝑀 = �̇�𝐿 + �̇�𝑆(1 − 𝜑𝐶𝑎(𝑂𝐻)2
) (3.15) 

�̇�𝑀 [𝐶𝑎]𝑀 = �̇�𝐿[𝐶𝑎]𝐿 + �̇�𝑆(1 − 𝜑𝐶𝑎(𝑂𝐻)2
)[𝐶𝑎]𝑆 (3.16) 

where �̇�𝑀, �̇�𝐿, and �̇�𝑆 are the volumetric flow rates of the mixed, leachate, and saturate streams, 

respectively. And  [𝐶𝑎]𝑀, [𝐶𝑎]𝐿, and [𝐶𝑎]𝑆 are the calcium concentrations of the mixed, leachate, 

and saturate streams, respectively. The energy required to have a mix stream temperature 𝑇𝑀 of 20 

°C can be expressed as 115 
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�̇�𝑐𝑜𝑜𝑙 = 𝜌𝑐𝑝�̇�𝑀 (𝑇𝑀 −
�̇�𝐿𝑇𝐿 + �̇�𝑆(1 − 𝜑𝐶𝑎(𝑂𝐻)2

)𝑇𝑆

�̇�𝐿 + �̇�𝑆(1 − 𝜑𝐶𝑎(𝑂𝐻)2
)

) = 𝜌𝑐𝑝�̇�𝐶 (𝑇𝐶,𝑜𝑢𝑡 − 𝑇𝐶,𝑖𝑛) (3.17) 

3.3.3.      Method of solution 

Figure 3.5 shows a block diagram of the solution method used to calculate the power consumption 

and the heating and cooling requirements to produce 1 kg of Ca(OH)2 per day with the proposed 

three-step process. The model was initialized and solved by simple substitution based on the design 

constraints of the pilot system and validated using Aspen Plus V10. 

 
Figure 3.5. Block diagram of the solution method to predict the heat and power consumption 

of the Ca(OH)2 production process for a rate of 1 kg per day. 

The constraints used to initialize the model were (i) a Ca(OH)2 production rate �̇�𝐶𝑎(𝑂𝐻)2
 of 1 kg 

per day, (ii) a retentate concentration [𝐶𝑎]𝑅 of 21.2 mM, and (iii) a feed concentration [𝐶𝑎]𝐹 of 10 

mM. Then, the model was used to identify the influence of precipitation temperature and feed 

calcium concentration on the water consumption, and heating and pumping requirements of the 

process. The operating conditions of the experimental pilot process were optimized to minimize 

the pumping power of the RO-driven concentration, since the electricity consumption of this step 
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drives the operating cost of the process. The overall energy consumption as a function of 

precipitation temperate was also evaluated, but the results were not used to guide the operation of 

the pilot system since the waste heat required for precipitation should be available from thermal 

power plants at low- or no cost. 

3.4.      Results and discussions 

3.4.1.      Modelling the effect of different operating conditions on power consumption 

Figure 3.6 shows the model predictions for (a) the specific pumping power consumption 𝑤𝑝, (b) 

the feed flow rate �̇�𝐹 and pressure 𝑃𝐹, (c) the specific heat consumption 𝑞ℎ𝑒𝑎𝑡, and (d) the total 

specific energy consumption  𝑞ℎ𝑒𝑎𝑡 + 𝑤𝑝 as functions of the precipitation temperature 𝑇𝑆 to 

achieve a retentate concentration [𝐶𝑎]𝑅 of 21.2 mM and a mass production rate �̇�𝐶𝑎(𝑂𝐻)2
 of 1 kg 

of Ca(OH)2 per day. Figure 3.6(a) indicates that the specific pumping energy consumption to drive 

the RO unit decreased exponentially with increasing precipitation temperature 𝑇𝑆. Because of the 

decreasing solubility of Ca(OH)2 with increasing temperature, lower feed solution �̇�𝐹 and pressure 

𝑃𝐹 were needed as the precipitation temperature increased [Figure 3.6(b)]. In addition, increasing 

the feed concentration [𝐶𝑎]𝐹 to 15 mM further reduced the pumping power since a smaller degree 

of concentration was necessary to achieve the saturation point of portlandite in the retentate ([𝐶𝑎]𝑅 

= 21 mM) thereby decreasing the feed pressure 𝑃𝐹. However, this scenario might not be realistic 

considering that slag typically yields leachate calcium concentration [𝐶𝑎]𝐿 below 10 mM. 

Nevertheless, it could be relevant when leaching other alkaline wastes or minerals.  
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Figure 3.6. Predicted (a) specific pumping power consumption, (b) feed flow rate �̇�𝐹 and 

pressure 𝑃𝐹 for a fixed feed [𝐶𝑎]𝐹 concentration of 10 mM, (c) specific heat consumption 

𝑞ℎ𝑒𝑎𝑡, and (d) total specific energy consumption 𝑞ℎ𝑒𝑎𝑡 + 𝑤𝑝 as functions of precipitation 

temperature assuming retentate [𝐶𝑎]𝑅 concentration of 21.2 mM so as to produce 1 kg of 

Ca(OH)2 per day. 

As expected, Figure 3.6(c) shows that the thermal energy 𝑞ℎ𝑒𝑎𝑡 required per kg of Ca(OH)2 

precipitate increased as the precipitation temperature increased. Finally, Figure 6(d) shows the 

total specific energy consumption is minimum when operating the precipitation reactor in the range 

of 40 °C to 55 °C, depending on the feed concentration. Below 40 °C, pumping requirements 
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superseded thermal energy input. After 55 °C, the decrease in pumping energy consumption was 

marginal, and the heat consumption dominated. For upscaling purposes, although operating around 

40 °C to 55 °C  yields less Ca(OH)2 per liter of solution, this temperature range is desirable as a 

large fraction of the waste heat in thermal power plants comes from condensers and is typically 

below 50 °C 116. Moreover, the yield of Ca(OH)2 precipitated per liter of solution and the specific 

RO pumping energy could be enhanced by operating the feed and retentate streams at ~5 or 10 °C 

to achieve larger concentration difference between the retentate [𝐶𝑎]𝑅 and saturate [𝐶𝑎]𝑆 streams. 

However, to demonstrate the continuous pilot process, we chose to operate the precipitation step 

at temperature 𝑇𝑆 = 95 °C to minimize electricity consumption for the RO pump and to maximize 

Ca(OH)2 production throughput. 

3.4.2.      Slag leaching 

Insights on the dissolution of BOF slag in DI water 

Figure 3.1(b) shows the XRD patterns of BOF slag before and after dissolution. It indicates a 

complete dissolution of the slag portlandite content, whereas the other crystalline phases present 

in the slag  were nearly undissolved after 30 minutes of leaching. Moreover, the broad amorphous 

peak intensity in XRD did not present significant differences before and after dissolution, 

indicating that the amorphous content of the slag was nearly insoluble. Thus, the results indicated 

that Ca(OH)2 was the main source of calcium dissolved from slag. This was further confirmed by 

elemental analysis of the leachates showing that the concentrations of silicon, aluminum, sodium, 

and iron were at least one order of magnitude lower than the final concentration of calcium (see 

Figure B3 in supplementary material). This observation was consistent with the lower solubility 

and/or kinetic rate constant of the other phases present in slag compared to portlandite.57 Typically, 

BOF slag is underutilized in the construction industry compared to other types of slag because its 
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high free lime content may generate cracking in concrete.136,137 This high free lime content was 

ideal for the present application, since larger calcium concentrations were leached from BOF slag 

than from other types of slag in DI water.120 

Effect of particle size distribution on leachate calcium concentration 

Figure 3.7 shows the leachate concentration [𝐶𝑎]𝐿 achieved experimentally as a function of time 

for a solid to liquid (s/l) ratio of (a) 0.03 and (b) 0.05. It also plots the initial (𝑡 = 0 min) and final 

(𝑡 = 30 min) leachate calcium concentration [𝐶𝑎]𝐿 as a function of geometric surface area for a s/l 

ratio of (c) 0.03, and (d) 0.05. Figures 3.7(a) and 3.7(b) indicate that calcium leaching was fast 

initially, followed by a slower release after 10 minutes. The monotonic increase of  [𝐶𝑎]𝐿 for all 

s/l ratios and particle sizes considered indicated that little to no hydrated phases precipitated during 

slag dissolution. If other calcium phases had precipitated, the dissolved calcium in solution would 

have decreased eventually.120 Figures 3.7(c) and 3.7(d) show that as the geometric surface area 

increased, the initial leachate concentration [𝐶𝑎]𝐿 (at 0 min) approached a similar value (~8 mM) 

for both s/l ratios studied. Additionally, Figures 3.7(c) and 3.7(d) show that increasing the 

geometric surface area increased the dissolution rate,138 since the leachate concentration [𝐶𝑎]𝐿 

difference between 0 and 30 minutes increased with increasing geometric surface area. To 

maximize the calcium conversion during leaching, decreasing the particle size and the leaching 

time seems more desirable than increasing the s/l ratio since the later results in larger raw material 

consumption. A potential drawback is that decreasing the particle size may increase other species 

dissolution and more specifically the Si-containing amorphous fraction.138,139 This could lead to 

an increase of Si content in solution which could result in the formation of C-S-H phases instead 

of Ca(OH)2. Thus, further experiments with smaller slag particle size should be evaluated to find 

the optimum leaching conditions where portlandite dissolution is maximized and is dominant over 
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the dissolution of other phases in the slag. Moreover, when increasing the leaching time to 

maximize calcium dissolution, the stirring energy required for the leaching process should be 

minimized. 

  

  
Figure 3.7. Leachate concentration [𝐶𝑎]𝐿 as a function of time and particle size fraction for a 

solid to liquid ratio of (a) 0.03 and (b) 0.05. Initial (𝑡 = 0 min) and final (𝑡 = 30 min) leachate 

calcium concentration [𝐶𝑎]𝐿 as a function of geometric surface area for a s/l ratio of (c) 0.03, 

and (d) 0.05. 
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3.4.3.      Short-term stability of reverse osmosis concentration 

The slag leachate solutions were concentrated continuously through the RO unit at a constant water 

recovery ratio of 0.52 to achieve similar concentration factors in all tests. Figure 3.8 shows the 

measured (a) feed temperature, (b) retentate pressure, (c) the total calcium concentrations in the 

feed [𝐶𝑎]𝐹, retentate [𝐶𝑎]𝑅 and permeate [𝐶𝑎]𝑃 streams, as well as (d) membrane permeability 𝐿𝑝 

and concentration factor (𝐶𝐹 = [𝐶𝑎]𝑅 [𝐶𝑎]𝐹⁄ ) as functions of time. Figure 3.8(a) indicates that the 

feed temperature ranged from 20 °C to 30 °C in all the experiments, indicating that the cooling 

system functioned properly. Figure 3.8(b) shows that the pressure drop (𝑃𝐹 − 𝑃𝑅) a cross the RO 

system between the feed and retentate was 15 kPa for pilot tests 1 and 2. Pilot test 3 operated at a 

slightly lower pressure drop of 12 kPa due to the lower feed flow rate. Figure 3.8(c) indicates that 

the feed concentration [𝐶𝑎]𝐹 was constant around 10 ± 2 mM, as expected from the process design. 

The permeate concentration [𝐶𝑎]𝑃 remained below 1 mM suggesting negligible membrane 

degradation. This was confirmed by the calcium rejection, which averaged 99.3%, 99.1% and 

98.7% in pilot tests 1, 2, and 3, respectively. 

Figure 3.8(d) indicates that the concentration factor 𝐶𝐹 was around 2 for all tests performed and 

operated at the same water recovery ratio of 0.52. Additionally, it shows that membrane 

permeability [Equation (3.4)] decreased as a function of time, probably due to fouling or scaling. 

The decrease in membrane permeability 𝐿𝑝 was more prominent during the first 8 hours of 

continuous operation. This could be due to membrane compaction and system equilibration 140. 

Additionally, the decrease in membrane permeability 𝐿𝑝 was larger at higher feed pressure namely 

43% at 895 kPa in pilot test 2, compared to 10% at 482 kPa in pilot test 3. This observation can be 

attributed to the stronger convective force of the permeate passing through the membrane at larger 
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pressures resulting in membrane fouling.141 After each test, the membrane was cleaned with a 

diluted nitric acid solution (pH ~ 3) for 1 hour. The cleaning procedure improved the permeability, 

demonstrating that fouling can be reversed. Although the BW30-2540 membranes used in the pilot 

test are not designed to operate at pH larger than 11, the membranes remained stable while 

operating at a pH of 12.4 in the three tests performed. Nevertheless, a membrane durability study 

should be performed on different commercially available options before upscaling the technology 

to select the most suitable membrane. 

Figures 3.8(c) and 3.8(d) show the calcium concentration [𝐶𝑎]𝑅 and the concentration factor CF 

in the retentate as functions of time, respectively. Since [𝐶𝑎]𝑅 was always above 15 mM, the 

solution entering the precipitation reactor was always supersaturated with Ca(OH)2 when heated 

at 90 °C. On average, [𝐶𝑎]𝑅 was 21.6, 20.7 and 22.2 mM for pilot tests 1, 2 and 3, respectively. 

Figures 3.8(c) and 3.8(d) indicate that the membranes tolerated calcium containing solutions 

concentrated above the saturation point of Ca(OH)2 since the membrane permeability was very 

similar in all cases. Nevertheless, Figure 3.8(d) shows that a decrease in concentration factor 

coincided with an improvement in membrane permeability (for example at normalized t of  0.45 

and 0.7 in pilot test 3), indicating that the permeability decline could be due to scale formation. 

However, it could be reversed when the retentate concentration [𝐶𝑎]𝑅 decreased.  

We hypothesized that supersaturation was possible without causing substantial membrane 

degradation because calcium concentration occurs instantaneously in the RO system at elevated 

flow rates. Whereas the kinetics of Ca(OH)2 precipitation from a saturated solution at room 

temperature is very slow,142 particularly at low supersaturation index (SI marginally larger than 0) 

when the nucleation rate is very small.143 Since operating near portlandite saturation increased 

scaling on the RO membranes by the formation of Ca(OH)2 or CaCO3 precipitates, periodical flow 
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reversal could improve the membrane’s lifetime.94 Additionally, anti-scaling coatings of 

polyethylene glycol (PEG) have been shown to reduce precipitate formation in BW30 Filmtec® 

membranes, also used in this study.144 

  

  
Figure 3.8. (a) Feed temperature, (b) Retentate pressure, (c) [Ca] concentration in the feed, 

retentate and permeate streams, and (d) Membrane permeability and concentration factor as  

functions of time. 

3.4.4.      Precipitation and Ca(OH)2 characterization 

Following the concentration step, Ca(OH)2 precipitated in a continuously stirred reactor 

maintained at a constant temperature of 95 ± 5 °C. Figure 3.9 shows (a) the concentration of the 
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recycled saturate stream [𝐶𝑎]𝑆  – after filtering out the solid Ca(OH)2 – as a function of time, (b) 

the XRD pattern, and (c) the TGA-DTG spectrum of the solid precipitates for all three pilot tests 

performed. Figure 3.9(a) shows that the saturate concentration was strongly dependent on the 

precipitation temperature. For example, at the beginning of pilot tests 1 and 2 when the 

precipitation temperature was below 90 °C, the calcium concentrations in solution [𝐶𝑎]𝑆 increased, 

indicating a reduction in Ca(OH)2 precipitation. On the other hand, the precipitation step was not 

affected by the retentate concentration [Ca]R, which varied between around 20 mM ± 5 mM [Figure 

3.8(c)]. Figure 3.9(b) establishes that portlandite was the only phase detected in the solids 

recovered from the pilot tests. Note that, while XRD was performed on carefully crushed powders 

to reduce the potential for preferential orientation of the crystals, the XRD pattern were acquired 

in static conditions (i.e., using a non-rotating sample holder). Consequently, similar peak positions 

were observed but the peak intensities varied between pilot tests 1 and 2. The results were further 

confirmed by TGA-DTG, indicating that the water content represents 23 to 34 wt.% of the solids 

[Figure 9(c)]. The Ca(OH)2 content, calculated from its decomposition around 500 °C,77,102 made 

up 63 to 72 wt.% of the analyzed precipitates. An additional 2 wt.% of the precipitates decomposed 

around 700 °C, corresponding to the presence of CaCO3, undetected by XRD due to its low 

content. The latter may have formed because of the presence of dissolved CO2 in the feed water78 

and/or, the brief contact of the wet Ca(OH)2 precipitate with air during drying when it carbonated 

when exposed to atmospheric CO2.103 The remaining 2 wt.% impurities appear to be composed of 

slag particulates.  
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Figure 3.9. (a) [Ca] concentration in the saturate stream as a function of time, (b) XRD, and (c) 

TGA-DTG spectrum of the solid Ca(OH)2 recovered from the pilot tests. 
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Table 3.2 summarizes the conditions as well as the amount and purity of the Ca(OH)2 precipitated 

for each test performed. A Ca(OH)2 production rate of 41 g/h (equivalent to 1 kg per day) was 

obtained in pilot test 1, demonstrating the technical feasibility of the process at the pilot scale. 

Additionally, the precipitation efficiency – comparing the theoretical versus the experimental 

production rate (�̇�𝐶𝑎(𝑂𝐻)2
/�̇�𝐶𝑎(𝑂𝐻)2,𝑒) – was highest during pilot test 3. This was coincident with 

a lower saturate calcium concentration [𝐶𝑎]𝑆 measured during pilot test 3, indicating and 

improvement in the precipitation yield. The purity of all the Ca(OH)2 samples solids exceeded 

93.9%. Compared to our small-scale experiments120 the amount of CaCO3 impurities was 

drastically reduced because the volume of solution utilized was much larger than the surface of the 

solution in contact with air, demonstrating that the purity of Ca(OH)2 obtained with this pilot 

system paralleled that of commercial-grade hydrated lime.145  

Table 3.2. Operating conditions and experimental results of Ca(OH)2 precipitation in the three 

pilot tests performed. 

 Pilot test 1 Pilot test 2 Pilot test 3 

Average precipitation temperature 𝑻𝑺 88 °C 95 °C 98 °C 

Pilot test duration 8 h 12 h 24 h 

Average residence time 𝝉 0.7 h 1.0 h 2.1 h 

Collected mass of Ca(OH)2 𝒎𝑪𝒂(𝑶𝑯)𝟐,𝒆 328.3 g 343.6 g 452.7 g 

Production rate �̇�𝑪𝒂(𝑶𝑯)𝟐,𝒆 41 g/h 28.6 g/h 18.8 g/h 

Precipitation efficiency  62.6% 60.1% 79.2% 

Purity of Ca(OH)2 93.9 % 95.9 % 96.9 % 

Average saturate concentration [𝑪𝒂]𝒔 15.6 mM 14.5 mM 11.4 mM 

Ca(OH)2 solubility at 𝑻𝑺
* 14.6 mM 14.1 mM 13.9 mM 

 

*Calculated with PHREEQC using the minteqV4 database. 

Table 3.2 shows that the average saturate concentration [𝐶𝑎]𝑆 measured experimentally was larger 

than the theoretical saturation concentration at precipitation temperature 𝑇𝑆 in pilot tests 1 and 2, 

as expected. However, in pilot test 3, the saturate concentration [𝐶𝑎]𝑆 was lower than the 
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theoretical solubility limit. Indeed, variations in Ca(OH)2 solubility across different databases 

consulted may be as much as 5 mM.65,130 In fact, Ca(OH)2 solubility was found to be dependent 

on crystal size, the source material (e.g., Ca(OH)2 obtained from the hydration of CaO produced 

from the calcination of calcium nitrate or marble)  as well as the solid dosage.67,146–148 In our case, 

differences in theoretical and experimental solubilities could be due to the presence of other cations 

in solution dissolved from slag which increase the pH of the solution57 (compared to pure Ca(OH)2 

solutions) and shift the equilibrium towards the formation of solid Ca(OH)2.149 Moreover, the 

different saturate concentrations [𝐶𝑎]𝑆 at similar temperature (pilot tests 2 and 3) could be due to 

the different residence times in the reactor, since it is well known that kinetics plays an important 

role in precipitation reactions. 

Figure 3.10 shows SEM images of the crystals recovered from pilot (a) test 1, (b) test 2 ,(c) test 3 

and (d) scaling formations on the surface of the heaters during pilot test 1. All the precipitated 

crystals had hexagonal structures typical of Ca(OH)2.103,104  Figure 3.10(c) indicates that pilot test 

3 produced larger Ca(OH)2 crystals, consistent with the larger residence time of ~ 2 hours in the 

precipitation reactor compared with ~ 1 hour in pilot tests 1 and 2.143 The smaller crystal size 

obtained during pilot tests 1 and 2 can explain the lower calcium concentrations observed in 

solution, since smaller crystals ( < 1 μm) may have not been filtered out of the saturated solution 

and/or may have redissolved during the sampling procedure. Moreover,  coarser crystals display 

lower solubility than smaller crystals.146 Thus, larger residence time in the precipitation reactor is 

more desirable as it results in larger crystal size and precipitation yield.  
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Figure 3.10. SEM images of representative crystals filtered after precipitation in pilot (a) test 

1, (b) test 2, (c) test 3, and (d) scaling formations on the surface of the heaters from pilot test 1. 

Moreover, a large fraction of the Ca(OH)2 crystals formed through heterogeneous precipitation at 

the surface of the heaters where the temperature was the largest. The scaling layer of Ca(OH)2 

crystals was approximately 1 mm thick and brittle which facilitated its recovery. As opposed to 

the Ca(OH)2 crystals obtained from the filters, the crystals extracted from the surface of the heaters 
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were larger (100 to 200 µm) and more disordered [Figure 3.10(d)] and did not contain any water 

[Figure 3.9(c)]. Nevertheless, they showed the same degree of purity as the crystals obtained from 

homogeneous precipitation [Figure 3.9(c)]. Finally, Ca(OH)2 had also a strong tendency to form 

scaling on the walls of the precipitation reactor and downstream pipes. However, the mass of such 

scaling formation was not quantified. Scaling could be avoided by using scraped surface 

crystallizers and by minimizing the distance between the precipitation reactor and the solid/liquid 

separation system. 

3.4.5.      Energy consumption 

A detailed energy balance analysis of the process was performed using Equations (3.2)-(3.7) and 

(3.14). Table 3.3 summarizes the mass and energy balance of each pilot tests. It indicates that the 

specific pumping power consumption decreased when operating at lower pressures. The pumping 

electricity consumption calculated theoretically  was 0.798 kWh/kg Ca(OH)2. Table 3.3 shows that 

the grinding and mixing energy was as important as the energy required for pumping. The mixing 

energy consumption could be minimized with a careful design of the leaching and precipitation 

reactors and particularly by optimizing reactor volume, impeller diameter and rotation frequency. 

Additionally, since Ca(OH)2 crystals growth has been shown to be independent of the stirring 

rate,147 the mixing energy could decrease substantially. Although the grinding energy per kg of 

slag was low (0.016 kWh/kg slag), the low efficiency of calcium extraction during leaching (below 

10%) caused a large grinding specific energy consumption (2.1 – 2.4 kWh/kg Ca(OH)2), 

underscoring the importance of improving the calcium extraction efficiency from slag to decrease 

the energy consumption and CO2 footprint of the process. Finally, the heating energy consumption 

was two orders of magnitude larger than the electricity consumption, as predicted by the model 

(Figure 3.6). Nevertheless, at least 50% of this energy could be recovered using a heat exchanger 
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to preheat the retentate solution entering the precipitation reactor based on process integration 

principles.150,151 

Table 3.3. Energy and specific energy consumption of the unit operations of the process for the 

pilot tests performed 

 Pilot test 1 (8 h) Pilot test 2 (12 h) Pilot test 3 (24 h) 

 Energy 

(kWh) 

SEC (kWh / 

kg Ca(OH)2) 

Energy 

(kWh) 

SEC (kWh / 

kg Ca(OH)2) 

Energy 

(kWh) 

SEC (kWh / 

kg Ca(OH)2) 

Grinding  0.787 2.397 0.828  2.410 0.975  2.154 

Mixing  0.759 2.312 1.090  3.172 1.940 4.280 

Heating  87.130 265.397 89.731  261.149 85.829  189.590 

RO pump  0.631 1.920 0.690  2.008 0.362  0.798 

3.5.      Conclusion 

This study demonstrated the design and continuous operation of a pilot system to produce Ca(OH)2 

from industrial alkaline wastes as a feedstock. The process encompasses an integrated set of three 

unit operations including leaching, RO concentration, and temperature-swing precipitation. 

Additionally, the water was fully recirculated, making the water consumption of the process 

virtually zero. Decreasing the slag particle size during leaching improved the calcium 

concentration of the leachate, thereby increasing the calcium extraction efficiency from slag 

without the need to increase slag consumption. We also demonstrated the stability and reliability 

of the continuous process by completing three continuous tests of 8, 12, and 24 hours using the 

same RO membranes. Fouling and/or scaling was reversed with standard membrane cleaning 

procedures. The low energy demand, and the reversibility of fouling and scaling demonstrated that 

RO was a robust technology to concentrate the slag leachates and indicated good upscaling 

technology potential. Finally, larger residence times in the precipitation reactor increased the 
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crystal particle size and decreased the calcium concentration of the saturated solution [𝐶𝑎]𝑠, 

indicating an increase in the quantity of Ca(OH)2 precipitated per unit volume of solution. An 

equivalent production rate of 1 kg per day was demonstrated during pilot test 1 whereas a 

continuous 24-hour operation was demonstrated during pilot test 3. In all cases, the purity of the 

Ca(OH)2 exceeded 94%. The experimental measurements agreed with the process flow model and 

thermodynamic calculations. Overall, the results substantiated the feasibility of the continuous 

process and the full recirculation of water on a pilot scale and enabled a detailed accounting of the 

energy consumption of the process. The outcomes provided insights on process limitations and 

specific design requirements for the unit operations and on important steps towards upscaling the 

technology to produce Ca(OH)2 from industrial wastes at low temperatures.  
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CHAPTER 4  

Up-Scale Potential: Geospatial, Financial and CO2 Footprint Analysis 

This study evaluates the techno-economic feasibility and the CO2 footprint of a novel process 

integration scheme with thermal power plants to produce portlandite from alkaline industrial 

wastes via  leaching, reverse osmosis concentration, and low-temperature aqueous precipitation. 

We evaluated such process installed in the U.S. for an optimized base case scenario minimizing 

electricity consumption. The conditions for feasibility were evaluated considering the source and 

geospatial availability of electricity (e.g., coal, natural gas, solar thermal), waste heat, and slag. 

The production cost of upcycled portlandite for the base case scenario was two to three times 

higher than the wholesale price of traditional portlandite. The main driver of the operating cost 

was the RO step, due to electricity and membrane replacement costs. Moreover,  the sensitivity 

analysis showed that a competitive operating cost could be achieved by increasing membrane 

lifetime and decreasing the electricity consumption. The upcycled portlandite featured a CO2 

footprint 40% to 80% lower than the benchmark product when the electricity is sourced from 

natural gas and wind power, respectively. Finally, a geospatial analysis elucidated the areas in the 

U.S. with potential to implement an industrial-scale facility due to the proximity between 

feedstocks and waste heat sources. 

4.1.      Background 

To reduce the CO2 footprint of Ca(OH)2, we have previously demonstrated a low-temperature (≤ 

100 °C) calcination-free route to produce Ca(OH)2 from steel slag in the laboratory- and pilot-

scale.120,152 Our pilot scale study demonstrated the continuous production of high purity (>95%)  
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Ca(OH)2, and  elucidated strategies to improve the efficiency and decrease the electricity 

consumption of the process such as decreasing the slag particle size for leaching and increasing 

the precipitation temperature, respectively. This processing route is in line with the principles of 

circular economy because it enhances resource recovery from industrial byproducts58 and it has 

the potential to reduce not only the CO2 footprint of industrial lime production,153 but also the 

environmental impacts of quarrying limestone,9 and landfilling slag. The solution could be 

implemented in industrial facilities with large availability of waste heat, such as thermal power 

plants or steel production plants. Nevertheless, the electricity consumption, the availability of 

waste heat and slag, and the proximity between these two resources could be a barrier to upscaling 

this process. Thus, this study explores  the upscale potential of low-temperature calcination-free 

Ca(OH)2 production from steel slag using the method previously described and compares it to 

traditional Ca(OH)2 production.  

4.2.      Methodology 

4.2.1.      Process description and modelling 

The conceptual design of the proposed Ca(OH)2 production system was modeled using Aspen Plus 

V10. The operating parameters of the simulation were based on previous laboratory- and pilot-

scale simulations and experiments Figure 4.1 shows the process flow diagram to model the steady 

state production of Ca(OH)2. A base case scenario with a production capacity of 52 tons of 

Ca(OH)2 per day was selected based on the output of a conventional lime production plant.153  
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Leaching 

The process starts with leaching slag with deionized water in the leaching reactor. The water 

required for leaching was assumed to be sourced from recirculated permeate solution, as 

demonstrated experimentally on previous pilot-scale experiments. The leaching process was not 

simulated based on phenomenological equations because the rate and magnitude of calcium release 

from slag is influenced by many factors such as the type of slag, the particle size, the solid to liquid 

(s/l) mass fraction, and the type of leaching reactor (e.g., stirred tanks, fixed bed). 56,57,88  Instead, 

the s/l mass fraction and the leachate concentration [𝐶𝑎]𝐿 in the reactor were imposed to 0.01 and 

8.1 mmol/L (mM), respectively, based on leaching experiments performed with basic oxygen 

furnace (BOF) slag on the laboratory scale (Figure C1). Slag was simulated as Ca2SiO4 – one of 

the most abundant mineral phases of slag154 – undergoing dissolution in the leaching reactor 

(𝐶𝑎2𝑆𝑖𝑂4 + 2𝐻2𝑂 → 2𝐶𝑎2+ + 4𝑂𝐻− + 𝑆𝑖𝑂2) assuming a 𝐶𝑎2𝑆𝑖𝑂4 fractional conversion (X = 

moles reacted / moles fed) of 6.5%, consistent with the typical conversion on laboratory-scale 

 

Figure 4.1. System boundaries of the proposed Ca(OH)2 production 
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batch leaching experiments.120 The resulting alkaline leachate is fully separated from the unreacted 

slag using the slag filter. The energy required for the solid-liquid separation was calculated as the 

energy required to pump the leachate through the filter using the leachate pump �̇�𝐿. In general, 

the pumping power was calculated as 

�̇�𝑖 =
�̇�𝑗(∆𝑃)

𝑖
 

𝜂𝑝
 

(4.1) 

Where 𝜂𝑝 = 0.8 is the  hydraulic pump efficiency. �̇�𝑗 is the solution flow rate (in m3/s) of the 

stream j entering the pump, with 𝑗 = 𝐿, 𝑀, 𝑆 indicating leachate, mix, and saturate streams, 

respectively. (∆𝑃)
𝑖
  indicates the pressure increase (in Pa) delivered by pump i, with 𝑖 = 𝑙, 𝑅𝑂, 𝑠 

indicating leachate, RO, and saturate pumps, respectively. The pressure increase delivered by the 

leachate pump was assumed to be (∆𝑃)
𝑙

= 101,325 𝑃𝑎 

Reservoir  

The filtered leachate enters the reservoir where it is mixed with the cold saturate stream. The latter 

is recirculated from the precipitation step to improve the efficiency of the process. The calcium 

concentration, volumetric flow rate and temperature of the mix stream exiting the reservoir were 

calculated as 

�̇�𝑀 = �̇�𝐿 + �̇�𝐶𝑆 (4.2) 

�̇�𝑀 [𝐶𝑎]𝑀 = �̇�𝐿[𝐶𝑎]𝐿 + �̇�𝐶𝑆[𝐶𝑎]𝐶𝑆 (4.3) 

𝑇𝑀 =
�̇�𝐿𝑇𝐿 + �̇�𝐶𝑆𝑇𝐶𝑆

�̇�𝐿 + �̇�𝐶𝑆

 
(4.4) 

Where �̇�, [𝐶𝑎], and 𝑇 stand for volumetric flow rate, calcium concentration (in mol/m3), and 

temperature (in °C), respectively. The subscript CS corresponds to the cold saturate stream. 
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Reverse Osmosis (RO) concentration  

To drive RO concentration, the mix stream exiting the reservoir is pressurized using the RO pump 

from atmospheric pressure 𝑃𝑀 = 101,325 𝑃𝑎 to a feed pressure of 𝑃𝐹 = 900,000 𝑃𝑎. The 

pumping power was calculated using Equation 4.1 with (∆𝑃)
𝑅𝑂

= 798,675 𝑃𝑎. The selection of 

the feed pressure was based on a parametric optimization to minimize membrane replacement and 

electricity costs (Appendix C: RO pressure optimization). To model the RO membrane separation 

step, a mass balance for the solution and for calcium was performed according to 

�̇�𝐹 = �̇�𝑃 + �̇�𝐶𝑅 (4.5) 

�̇�𝐹 [𝐶𝑎]𝐹 = �̇�𝑃[𝐶𝑎]𝑃 + �̇�𝐶𝑅[𝐶𝑎]𝐶𝑅 (4.6) 

where the subscripts 𝐹, 𝑃, and 𝐶𝑅 stand for feed, permeate, and cold retentate streams, 

respectively. The volumetric flow rate of the permeate stream was calculated as 

�̇�𝑃 = 𝐴𝑅𝑂𝐿𝑝(∆𝑃𝑚𝑒𝑚 − ∆𝜋) (4.7) 

where 𝐴𝑅𝑂 is the RO membrane area, 𝐿𝑝 = 8.64 ∗ 10−12 𝑚3 (𝑠 𝑚2 𝑃𝑎)⁄  is the membrane 

permeability estimated from experimental data120 and reported in literature.132–134 ∆𝑃𝑚𝑒𝑚 is the 

transmembrane pressure difference defined as the difference between the feed pressure 𝑃𝐹 and the 

permeate pressure 𝑃𝑃 = 101,325 𝑃𝑎, i.e., ∆𝑃𝑚𝑒𝑚  = 𝑃𝐹 − 𝑃𝑃. The osmotic pressure difference 

between the feed and the permeate solutions 131 was calculated as 135   

∆𝜋 = 𝑅𝑈𝑇𝐹[([𝐶𝑎]𝐹 + [𝑂𝐻−]𝐹) − ([𝐶𝑎]𝑃 + [𝑂𝐻−]𝑃)] (4.8) 
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where 𝑅𝑈 = 8.314 𝐽 𝑚𝑜𝑙−1𝐾−1 is the universal gas constant and 𝑇𝐹 is the feed temperature. Since 

the heat generated by the RO pump is negligible, the temperature of the feed is equal to the mix 

stream, i.e., 𝑇𝐹=𝑇𝑀. The concentration of [𝑂𝐻−] in all the streams was calculated according to the 

electroneutrality principle as 2[𝑂𝐻−] = [𝐶𝑎]. The permeate calcium concentration [𝐶𝑎]𝑃 was 

calculated based on the membrane rejection coefficient 𝑅 = 0.99 according to membrane 

manufacturer data so that 

[𝐶𝑎]𝑃 = [𝐶𝑎]𝐹(1 − 𝑅) (4.9) 

Retentate preheating and saturate recirculation  

Prior to precipitation, the cold retentate – concentrated with RO to the saturation point of Ca(OH)2 

at room temperature – is preheated using the hot saturate stream exiting the precipitation reactor 

through the heat exchanger. The heat absorbed by the cold retentate stream in the heat exchanger 

�̇�ℎ𝑥 was calculated using the general energy balance equation115 

�̇�𝑖 = �̇�𝑗𝜌𝑐𝑝(∆𝑇)𝑗 (4.10) 

Where �̇�𝑗 is the volumetric flow rate of the retentate stream exiting RO, 𝜌 = 1000 𝑘𝑔/𝑚3 is the 

density and 𝑐𝑝 = 4184 𝐽 𝑘𝑔−1𝐾−1 is the heat capacity of the solution. (∆𝑇)𝑗 = 𝑇𝑗,𝑜𝑢𝑡 − 𝑇𝑗,𝑖𝑛 

indicates the temperature difference across the heat exchanger between the outlet and inlet streams. 

In the case of the recycle heat exchanger 𝑇𝑗,𝑜𝑢𝑡 and 𝑇𝑗,𝑖𝑛 correspond to the temperature of the hot 

retentate 𝑇𝐻𝑅 and the cold retentate  𝑇𝐶𝑅, respectively. Similarly. The heat delivered by the hot 

saturate stream was calculated with equation 4.10 with 𝑇𝑗,𝑜𝑢𝑡 and 𝑇𝑗,𝑖𝑛  equal to the temperature of 

the cold saturate 𝑇𝐶𝑆 and hot saturate  𝑇𝐻𝑆, respectively. The temperature of the cold saturate 𝑇𝐶𝑆 

was imposed at 30 °C to eliminate further cooling electricity requirements in the reservoir. The 

recycle heat exchanger surface area was estimated as 
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 𝐴ℎ𝑥 =
�̇�ℎ𝑥

𝑈  𝐿𝑀𝑇𝐷
 

 (4.11) 

Where 𝑈 = 849 𝑊 𝑚2𝐾⁄  is the overall heat transfer coefficient,115 𝐴ℎ𝑥 is the area of the 

countercurrent heat exchanger and 𝐿𝑀𝑇𝐷 is the log mean temperature difference calculated as115 

𝐿𝑀𝑇𝐷 =
(𝑇𝐶𝑆 − 𝑇𝐶𝑅) − (𝑇𝐻𝑆 − 𝑇𝐻𝑅)

ln[(𝑇𝐶𝑆 − 𝑇𝐶𝑅) (𝑇𝐻𝑆 − 𝑇𝐻𝑅)⁄ ]
 

(4.12) 

Precipitation: The hot retentate stream enters a continuously stirred precipitation reactor. Inside 

this unit, the solution was assumed to be in equilibrium with portlandite, i.e., 𝐶𝑎2+ +

2𝑂𝐻− ↔  𝐶𝑎(𝑂𝐻)2 (𝑠). The concentration of the hot saturate stream [𝐶𝑎]𝐻𝑆 exiting the 

precipitation reactor was calculated based on the solubility of portlandite as a function of 

temperature [𝐶𝑎]ℎ𝑠 = 𝑓(𝑇ℎ𝑠) illustrated in Figure 3.4. The mass flow rate of solid Ca(OH)2 exiting 

the crystallizer �̇�𝐶𝑎(𝑂𝐻)2
 was calculated as 

�̇�𝐶𝑎(𝑂𝐻)2
= �̇�𝐻𝑆 𝑀𝐶𝑎(𝑂𝐻)2

([𝐶𝑎]𝐶𝑅 − [𝐶𝑎]𝐻𝑆) (4.13) 

where �̇�ℎ𝑠 is the hot saturate volumetric flow rate, 𝑀𝐶𝑎(𝑂𝐻)2
is the molar mass of Ca(OH)2 (in 

kg/mol) and [𝐶𝑎]𝐶𝑅 and [𝐶𝑎]𝐻𝑆 are the calcium concentration of the cold retentate and hot saturate 

streams, respectively. Additionally, since the mass of Ca(OH)2 precipitated is negligible compared 

to the volume of liquid, the retentate and saturate flow rates were assumed to be equivalent so that 

�̇�𝐻𝑅 = �̇�𝐻𝑆. The heat required for precipitation is assumed to come from exit flue gas from a coal 

fired power plant. The thermal power (in W) required for Ca(OH)2 precipitation �̇�𝑝 was calculated 

with equation 4.10 with 𝑇𝑗,𝑜𝑢𝑡 and 𝑇𝑗,𝑖𝑛  equal to the temperature of the hot saturate 𝑇𝐻𝑆 and hot 

retentate  𝑇𝐻𝑅, respectively. The temperature of the hot saturate 𝑇𝐻𝑆 was imposed at 83 °C. After 

filtering out the precipitated Ca(OH)2, the hot saturated solution is recirculated using the saturate 
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pump to the heat exchanger and thereafter to the reservoir, thereby completing the closed-loop 

process. 

4.2.2.      Solution method  

Figure 4.2 shows a block diagram of the solution method to calculate the steady-state pumping 

power consumption and the precipitation heating requirement to produce 52 tons per day of 

Ca(OH)2 with the proposed process.  

 

Figure 4.2. Block diagram of the solution method to predict the heat and power consumption 

of the Ca(OH)2 production process 

The variables used to initialize the solution were the inlet slag mass flow rate �̇�𝑠𝑙𝑎𝑔,𝑖𝑛, the leaching 

reaction conversion 𝑋, the RO membrane area 𝐴𝑅𝑂, and the volumetric flow rate of the mix stream 

�̇�𝑀. After initialization, the software solves the equations simultaneously until converging to a 

solution that satisfies all the equations. The solution of the model was verified to satisfy the 
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following constraints: (i) a Ca(OH)2 production rate �̇�𝐶𝑎(𝑂𝐻)2
 of 52 tons per day, (ii) a cold 

retentate concentration [𝐶𝑎]𝐶𝑅 of  18.6 mM,  (iii) a feed concentration [𝐶𝑎]𝐹 of 9.3 mM, and (iv) 

a s/l mass fraction in the leaching reactor of 0.01. The initial guesses were modified  iteratively 

until the solution of the model satisfied all the constraints. 

4.2.3.      Techno-economic analysis 

Capital cost (CapEx) estimation  

To estimate the cost of the RO step, the RO membrane area was recalculated using WAVE®, a 

specialized software provided by the membrane manufacturer. The simulation assumed single 

stage concentration using BW30-4040 spiral wound elements. The calcium concentrations and 

flow rates of the feed, permeate and retentate streams obtained from the Aspen Plus simulations 

were reproduced in WAVE® to obtain a better estimation of the membrane area considering design 

constrains of the spiral wound elements such as minimum and maximum permeate and retentate 

flow rates and maximum pressure drop per element.155 The membrane area required for the plant 

was estimated to be 169,232 m2, and the membrane cost was assumed to be $19/m2.156–158 The 

total installed cost of the RO unit – including pressure vessels, pipes, support frame, etc – was 

estimated from a reference large scale RO plant70 assuming that the cost fraction  of other items 

compared to the membrane cost remains constant regardless of the scale of the plant (Appendix C, 

Table C1).  

The capital costs of the leaching and precipitation reactors, the filters. the heat exchanger and the 

pumps were estimated using Aspen Plus capital cost estimator (ACCE TM). The software estimates 

the dimensions of each unit operation and calculates equipment and installation costs 

encompassing equipment setting, instrumentation, civil and steel designs, electrical, insulation and 
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paint. Since the price basis of the software is 2016, the price was escalated assuming an average 

inflation of 2% per year up to 2021.159 The land cost was not considered because this process 

would be retrofitted to an existing thermal power plant. Project contingency costs were not 

considered. Additionally, no discount rates, tax rates or CO2 credits are considered in this analysis. 

The lifetime of the plant 𝑛 was assumed to be 20 years. The distributed capital cost was calculated 

as the total capital expenses 𝐶𝑎𝑝𝐸𝑥, divided by the plant lifetime 𝑛 and the Ca(OH)2 production 

rate �̇�𝐶𝑎(𝑂𝐻)2
 (in tons/year). 

𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝐶𝑎𝑝𝐸𝑥 =
𝐶𝑎𝑝𝐸𝑥

𝑛 �̇�𝐶𝑎(𝑂𝐻)2

 (4.14) 

Operating cost (OpEx) estimation 

The main operating costs considered were the cost of electricity, slag, slag transport, membrane 

replacement and labor. The cost of electricity was calculated based on the pumping and slag 

grinding power requirements, assuming the cost electricity is $0.07/kWh.160 The cost of slag was 

assumed to be $1 per ton based on the price of the provider for BOF slag (TMS International). The 

cost of slag transport was assumed to be $ 0.05 / ton-mile.161 The base case scenario assumes a 

replacement frequency of 2 years because the process operates at high pH (> 12), and the long-

term stability of the membranes due to membrane fouling, scaling and degradation is unclear. 

However, RO membranes can last up to 5 years under normal operating conditions.162 Labor costs 

were assumed to be 4% of the 𝐶𝑎𝑝𝐸𝑥.69,70  All the operating costs were divided by the Ca(OH)2 

production rate assuming a plant capacity factor of 80%. The cost of waste heat and water were 

not considered because the former is an industry by-product, and the latter can be fully recirculated 

inside the process as demonstrated in the pilot-scale experiments.  
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4.2.4.      CO2 footprint 

The goal of the CO2 footprint analysis was to evaluate material and process aspects of the 

alternative portlandite as compared to traditional portlandite production to compare their 

environmental impact. The CO2  footprint was modeled using openLCA software,163 with the 

modified National Energy Technology Laboratory (NETL) CO2U LCI database164 supplemented 

with the National Renewable Energy Laboratory (NREL) U.S. Life Cycle Inventory (USLCI) 

Database.165 The production, manufacture, and construction of manufacturing capital goods, 

capital infrastructure production equipment and vehicles, and personnel-related activities are 

excluded from the present analysis. Figure 4.4 shows the system boundary considered for the 

cradle-to-gate CO2 footprint analysis of (a) the alternative and (b) the traditional portlandite 

production processes and describes key material and energy inputs and reference flows. 

 

 

Figure 4.3. Simplified system boundaries for cradle-to-gate LCA of (a) Alternative portlandite 

production and (b) Traditional portlandite production. 
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Alternative portlandite production 

The CO2 footprint of alternative portlandite production was calculated on the basis of 1 ton of 

Ca(OH)2 produced via slag dissolution, RO concentration, and aqueous precipitation at a 

temperature of 83 °C. The electricity and material inputs were calculated from the base case 

scenario simulations. The specific energy consumption of grinding slag was calculated as 127 

𝑤𝑔,𝑠𝑙𝑎𝑔 (
𝑘𝑊ℎ

𝑡𝑜𝑛 𝑠𝑙𝑎𝑔
) = 𝑊𝑖 (

10

√𝑑
−

10

√𝑑𝑖

) (4.15) 

where 𝑊𝑖 = 18.3 𝑘𝑊ℎ 𝑡𝑜𝑛 𝑠𝑙𝑎𝑔⁄   is the Bond work index of slag,128 𝑑𝑖 = 9500 𝜇𝑚 is the initial 

particle size and 𝑑 = 100 𝜇𝑚 is the final particle size. The environmental impact of slag 

production was not considered because this material is a by-product from steel production. Under 

the same argument, no environmental impact was associated to the waste heat required for 

Ca(OH)2 precipitation. Three different sources of electricity were considered: (I) super critical coal 

power, (II) natural gas power and (III) solar thermal power. 

Traditional portlandite production  

The CO2 footprint of traditional portlandite production was calculated on the basis of 1 ton of 

Ca(OH)2 produced via limestone quarrying, calcination, and hydration. The electricity and fossil 

fuel consumption for limestone quarrying and calcination were taken from the NREL USLCI 

database.165 It was assumed that limestone is quarried from open pits by blasting, followed by 

mechanical crushing and screening. Thereafter, limestone calcination in a rotary kiln – requiring 

electricity and fossil fuel – produces CaO. Finally, CaO hydration produces Ca(OH)2, but no 

energy consumption was associated with this hydration step. 
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4.2.5.      Slag and waste heat availability in the U.S. 

Estimation of slag and CaO availability from steel production  

The amount of slag produced in the U.S. was estimated from the CO2 emissions of steel production 

facilities assuming a ratio of CO2 emitted to steel produced of 0.64,166 and a ratio of slag to steel 

produced of 0.12.45 The CO2 emissions from steel plants was obtained from the NATCARB 

database considering only the Iron and Steel production category.167 The content of CaO in slag 

was assumed to be 40%.  

Estimation of waste heat from thermal power plants 

Plant-level data for electricity generation, fuel consumption and cycle type reported in by the 

Energy Information Administration (EIA) form EIA-923 was used to estimate waste heat 

generation. The form reports the annual electricity generation 𝑊𝑒𝑙𝑒𝑐 and the total heat input from 

the utilized fuel 𝑄𝑓𝑢𝑒𝑙. The types of fuel considered in this manuscript were coal, nuclear and 

natural gas, operating with steam or gas turbines. Equations 4.16 and 4.17 were used to calculate 

the cycle efficiency and the waste heat for each plant.116  

𝜂𝑐𝑦𝑐𝑙𝑒 =
𝑊𝑒𝑙𝑒𝑐 𝜂𝑡𝑢𝑟𝑏𝑖𝑛𝑒⁄

𝑄𝑓𝑢𝑒𝑙
 

(4.16) 

𝑄𝑤𝑎𝑠𝑡𝑒 = 𝑄𝑓𝑢𝑒𝑙 −
𝑊𝑒𝑙𝑒𝑐

𝜂𝑐𝑜𝑛𝑣
 

(4.17) 

Where 𝜂𝑡𝑢𝑟𝑏𝑖𝑛𝑒 is the turbine efficiency taken as 86% and 93% for steam and gas turbines, 

respectively.116 To validate the results, the cycle efficiency was compared to typical efficiencies 

of the Brayton and Rankine cycles. 
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Relative distance between thermal power plants and slag facilities 

The location of slag facilities was obtained from the National Slag association.168 The location of 

the thermal power plants was obtained from form EIA-860. The distance from each power plant 

to every slag facility in the same state was calculated as 169 

𝐷 = √(𝐾1 ∆𝜑)2 + (𝐾2 ∆𝜆)2 (4.18) 

Where ∆𝜑 is the latitude difference and ∆𝜆 is the longitude difference between the two points. 𝐾1 

and  𝐾2 are constants.169 A MATLAB script was used to identify the closest slag facility to each 

power plant. The location data obtained was plotted and visually categorized using QGIS software. 

4.3.      Results and discussion 

4.3.1.      Base case scenario 

Table 4.1 summarizes the main results of electricity and heat consumption for the base case 

scenario. The total electricity consumption of the process was 1,094.7 kWh / ton Ca(OH)2 and it 

was dominated by the RO pump. The total heat required for precipitation (�̇�𝑝 + �̇�ℎ𝑥) was 113,724 

kWh / ton Ca(OH)2, two orders of magnitude larger than total electricity consumption. However, 

at steady state 90% of this heat was supplied through heat recovery on the heat exchanger. Hence, 

for the production rate considered in this study, the heating rate input required at steady state to 

produce Ca(OH)2 is 25.79 MW, which is compatible with the residual heat flux found in median-

size thermal power plants in the U.S.116 The results demonstrate that the heat exchanger is essential 

for the large-scale technical feasibility of process because: first, it reduces by an order of magnitude 

the thermal plant waste heat input required at steady state by preheating the cold retentate. And it 

cools down the hot saturate stream down to 30 °C eliminating the need to use electricity for 

cooling, which would otherwise make the operating costs of the process unfeasibly large. 
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Table 4.1. Summary of the main results of the Aspen plus simulation of the base case scenario to 

produce 52 tons of Ca(OH)2 per day. 

Base case scenario results 

Ca(OH)2 production rate �̇�𝐶𝑎(𝑂𝐻)2
 from simulation 52.4 tons Ca(OH)2 / day 

Ca(OH)2 production rate �̇�𝐶𝑎(𝑂𝐻)2
 (considering capacity factor) 41.92 tons Ca(OH)2 / day 

RO pump energy consumption �̇�𝑅𝑂 971.5 kWh / ton Ca(OH)2 

RO membrane area 𝐴𝑅𝑂 169,232 m2 

Low-pressure pumps energy consumption �̇�𝐿 + �̇�𝑆 123.2 kWh / ton Ca(OH)2 

Slag consumption �̇�𝑠𝑙𝑎𝑔,𝑖𝑛 19.8 tons slag per ton Ca(OH)2 

Grinding energy consumption 𝑤𝑔,𝑠𝑙𝑎𝑔 0.25 kWh / ton Ca(OH)2 

Precipitation heat �̇�𝑝 11,818 kWh / ton Ca(OH)2 

Heat recovery from heat exchanger �̇�ℎ𝑥 101,906 kWh / ton Ca(OH)2 

Heat exchanger area 𝐴ℎ𝑥 52,321 m2 

Feed flow rate 3499.7 m3 / ton Ca(OH)2 

4.3.2.      Techno-economic analysis 

The total capital expenditures of Ca(OH)2 production were estimated to be $38,063,015. Figure 

4.4 shows the breakdown of (a) the capital and (b) the fully loaded Ca(OH)2 production costs at 

the scale considered in the base case scenario. Figure 4.4(a) shows that the RO unit and the heat 

exchanger account for 87% of the total upfront investment due to the large membrane and heat 

exchange areas required for the concentration and heat recovery processes, respectively. Based on 

the membrane area requirement (Table 4.1) the cost of membranes was estimated as $3,230,406. 

Thus, capital expenditures for the fully installed RO unit were estimated to be $16,475,069, 

corresponding to 5.1 times the cost of membranes. The assumptions considered to calculate the 

capital cost of the RO unit – including membranes, pressure vessels and piping – is presented in 

Appendix C.  



80 

 

Figure 4.4(b) shows that slag cost and transportation are the least expensive operating costs. 

Moreover, it indicates that the main driver of the operating cost was the RO step, due to electricity 

and membrane replacement costs.  

Table 4.2. Operating cost break down of the base case scenario 

Cost variables Assumption Cost ($/ton Ca(OH)2) 

Direct labor 4 % Of capital cost per year 99.51 

Slag cost $1 per ton of slag 19.82 

Electricity $0.07 per kWh 

67.93 (RO pump) 

8.62   (Low pressure pumps) 

18.04 (Grinding) 

Membrane replacement Every 2 years 95.38 

Slag transport distance 20 miles ($0.051 per ton-mile) 19.82 

OpEx  329.12 

Distributed CapEx 20-year plant lifetime 124.40 

Fully loaded OpEx  453.52 

Table 4.2. shows the operating cost break down of the base case scenario. The total operating 

expenses were calculated to be $329 per ton Ca(OH)2. The fully loaded production cost – also 

known as the break-even point – calculated as the sum of OpEx plus Distributed CapEx for a plant 

 
 

Figure 4.4. Break down of (a) Capital expenses and (b) Fully loaded production cost of a 

commercial-scale Ca(OH)2 production plant. 
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producing 52 tons of Ca(OH)2 per day was $453.5 per ton Ca(OH)2. The distributed capital cost 

calculated with Eq. 4.14 was $124.4 per ton Ca(OH)2. Nevertheless, a 30-year plant lifetime – also 

considered standard in project evaluation – would reduce the distributed capital expenses to 

$83/ton Ca(OH)2. This production cost of Ca(OH)2 using the proposed route is 2 to 3 times higher 

than the wholesale price of Ca(OH)2 –ranging between $140 to $160 per t Ca(OH)2  according to 

manufacturing companies –  but could compete in the retail market where the cost varies between 

$460 and $560 per ton Ca(OH)2. Assuming a sale price of $560/ton Ca(OH)2, the margin would 

be 22% and the payback period would be 10  years. A sensitivity analysis on the operating cost 

was performed considering the variables and variation ranges shown in Table 4.3 to evaluate the 

minimum and maximum operating costs. 

Table 4.3. Variations in operating costs considered in the sensitivity analysis of Ca(OH)2 

production. 

OpEx Variables Minimum Maximum Units 

Direct labor 2% 8% % Of CapEx per year 

Slag cost $0 $10 per ton of slag 

Electricity $0.06 $0.13 per kWh 

Membrane replacement 1 year 5 years Replacement frequency 

Slag transport 4 miles 100 miles Transport distance 

 

Figure 4.5 shows the results of the sensitivity analysis. The model is particularly sensitive to the 

cost of slag because depending on the type of slag the cost can vary between $0 and $10 per ton 

of slag, indicating that the cost of slag could become a major operating cost. A larger calcium 

extraction efficiency would reduce the sensitivity of the model to the cost of slag, underscoring 

the importance of improving the leaching efficiency of the process which is currently below 

10%.120 The frequency of membrane replacement is the second variable that more strongly 

influences the production cost of Ca(OH)2. Finally, the sensitivity of model to the cost of slag 
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transport highlights that slag providers should be as close as possible to the Ca(OH)2 production 

plant. The minimum and maximum production costs that could be achieved combining all the 

variables considered in the sensitivity analysis would be $132.79 and $743.24 per ton Ca(OH)2.  

 

Figure 4.5. Sensitivity analysis of the operating cost (OpEx) of Ca(OH)2 to the cost of labor, 

slag, electricity, transport, and membrane replacement frequency. 

4.3.3.      CO2 footprint analysis 

Figure 4.6 shows the 100-year global warming potential (GWP) of traditional and upcycled 

Ca(OH)2 production assuming 3 different sources of electricity: (I) coal-fired power plant (II) 

natural gas-fired power plant and (III) solar thermal power plant. The figure shows that the 

traditional route to produce portlandite generates more CO2 than the upcycled route. The main 

source of CO2 emissions for the traditional route is limestone calcination, whereas for the proposed 

route is electricity consumption. Thus, the upcycled portlandite features a CO2 footprint ranging 

40% to 80% lower than the benchmark product when the electricity is sourced from natural gas 

and wind power, respectively. However, when the source of electricity is a coal fired power plant 

the CO2 emissions of the proposed route could be 20% larger than the traditional route. Since the 

environmental impact of the proposed portlandite production route decreases when the source of 
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electricity produces less CO2, renewable energies such as solar thermal or geothermal would be 

beneficial because they could also supply the heat required for the process. The advantage of the 

proposed route becomes evident from Figure 4.7. Even if fossil fuels were completely replaced by 

a renewable energy source like hydrogen in the traditional Ca(OH)2 production process, the CO2 

emissions from the calcination reaction would still be significant due to the calcination of 

limestone. Hence Figure 4.6 underscores the benefits of producing Ca(OH)2 using slag (or other 

non-carbonate sources of calcium) and using renewable energy sources to produce a material that 

absorbs more CO2 than what is required for its production throughout its life cycle, i.e., a CO2-

negative material. 

4.3.4.      Geospatial distribution analysis 

The thermal power plants were categorized based on their yearly waste heat generation and their 

distance to the closest slag facility. Figure 4.7 shows the geospatial availability of slag and waste 

 

Figure 4.6. 100-year global warming potential (GWP) of traditional and upcycled Ca(OH)2 

production assuming three different sources of electricity: (I) Coal fired power plant (II) 

Natural gas fired power plant and (III) Solar thermal power. 
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heat sources. More than 50 % of the total slag produced is in the Midwest region of the U.S. The 

amount of slag produced per year in the U.S. was calculated to be 10.3 million tons per year, in 

agreement with literature.170  Nevertheless, USGS estimates that 14 million tons of slag are 

produced per year in the U.S,171 suggesting that the present calculation underestimates domestic 

slag production. The results also highlight the need for more updated CO2 emissions accounting 

in the steel industry since the newest database available was from 2015.167 If 40% of the slag was 

composed of CaO, the domestic production of CaO from slag would be 4.1 million tons per year, 

indicating that the production of Ca(OH)2 from slag could replace at most, a quarter of the entire 

lime market in the U.S. The study also revealed that the use of basic oxygen furnaces in the steel 

industry is decaying, indicating that in the supply chain of BOF slag will be affected in the near 

future, and that other types of slag (and other sources of calcium) should be considered for the 

proposed route. 

Figure 4.7 shows the waste heat sources categorized based on the nominal capacity of the power 

plant (circle size) and by the distance to a slag source (circle color). Hence, large green circles 

represent the best implementation sites for the technology, whereas small red circles represent the 

least feasible sites. The figure indicates that there are 19 thermal power plants that generate 

between 10,000 and 50,000 GWh/y of waste heat located within 20 miles of a slag facility, and 41 

thermal power plants with the same waste heat generation capacity located within 20 and 50 miles 

of a slag facility. Overall, a large upscale potential for upcycled concrete resides in the Northeast, 

Southeast and Midwest regions of  the U.S. Based on the number of slag facilities and thermal 

power plant generating more than 10,000 GWh/y, the states with more potential for implementing 

a large-scale project are Pennsylvania, Alabama, Texas, Louisiana, Florida, North and South 

Carolina. Other states that have many slag facilities are Ohio, Illinois, and Indiana. Individual 
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power plants in these states generate less than 10,000 GWh/y, but collectively they provide enough 

waste heat to process all the slag generated in these states. This study indicates that there is enough 

waste heat to produce Ca(OH)2 with the proposed route and that the limiting resource is slag. 

However, a more detailed feasibility study should include the temperature at which waste heat is 

available. 

 

Figure 4.7. Geospatial availability of slag (triangles) and waste heat sources (circles) 

4.4.      Conclusion 

This study evaluates the techno-economic feasibility and the environmental impact of a novel 

process integration scheme with thermal power plants to produce portlandite from alkaline 

industrial wastes for an optimized up-scaled base case scenario to produce 52 tons per day of 

Ca(OH)2. The production cost of upcycled portlandite for the base case scenario is two to three 

times higher than the wholesale price of traditional portlandite. The main driver of the cost is the 
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electricity, membrane replacement, and distributed capital costs. Nevertheless,  the sensitivity 

analysis showed that a competitive operating cost can be achieved by increasing membrane 

lifetime and decreasing the electricity consumption, which could be achieved using membranes 

with higher pH resistance and operating at lower pressure. Research and development efforts to 

decrease the production cost of Ca(OH)2 production should also be focused on improving the 

efficiency of the leaching step, e.g., by using packed bed reactors, to minimize slag consumption 

without increasing electricity consumption.  

The proposed Ca(OH)2 production route features a CO2 footprint 40% to 80% lower than the 

benchmark product when the electricity is sourced from natural gas and wind power, respectively. 

Finally, a geospatial analysis elucidates that, due to the proximity between feedstocks and waste 

heat sources, there are there are 60 thermal power plants in the U.S. with potential to up-scale the 

technology and to implement an industrial-scale facility to produce 50 tons of Ca(OH)2 per day 

with a production cost of $453 per ton of Ca(OH)2.  
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CHAPTER 5  

Conclusion and Future Work 

5.1.      Conclusion 

The objectives of this dissertation were to (i) demonstrate the calcination-free production of 

Ca(OH)2 using precursors such as iron/steel processing wastes on the laboratory scale, (ii) to 

design and build an optimized integrated pilot process demonstrating the production of 1 kg of 

Ca(OH)2 per day, and (iii) to evaluate the commercial feasibility of the proposed process using 

elements of financial, CO2 footprint, and geospatial analysis.  

The first objective was accomplished in Chapter 2, wherein  a calcination-free pathway to produce 

Ca(OH)2 using industrial alkaline wastes as a feedstock was demonstrated. The proof-of-concept 

tested on the small scale: (i) calcium leaching from slag, (ii) RO concentration of the alkaline Ca-

containing solutions, and (iii) temperature-swing precipitation. Slag leaching in water produced 

Ca-concentrations ranging from 2 to 17 mM depending on the slag, s/l ratio, the presence of mixing 

(or not), and the leaching duration. It also demonstrated that achieving large calcium 

concentrations in solution by increasing the solid to liquid ratio during leaching comes at the 

expense of calcium extraction efficiency.120 Additionally, results indicated that the maximum 

calcium concentration that can be sustained in solution during leaching was lower than the 

saturation concentration of Ca(OH)2 at room temperature, demonstrating the need for the 

concentration step. Thereafter, the Ca-concentration in solution was systematically enhanced using 

RO membrane filtration. Finally, the retrograde solubility of portlandite was harnessed to 

precipitate Ca(OH)2 from the concentrated solution, by imposing a temperature swing. The 
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quantity of portlandite precipitated in this manner was congruent with estimates from equilibrium 

thermodynamic calculations.  

The second objective was accomplished in Chapter 3 wherein the design and continuous operation 

of a pilot system to produce Ca(OH)2 from industrial alkaline wastes as a feedstock was 

demonstrated. The mass and energy balances revealed that increasing the calcium concentration 

of the feed solution and the precipitation temperature, decrease the energy demands of the RO step. 

These optimized results outlined the operating conditions of the pilot process. The pilot system 

was built using commercially available components and integrated batch leaching with continuous 

RO concentration, and precipitation unit operations. The results enabled a detailed accounting of 

the energy consumption of the process and provided insights on process limitations and specific 

design requirements for the unit operations. Decreasing the slag particle size during leaching 

improved the calcium concentration of the leachate and increased the calcium extraction efficiency 

without the need to increase slag consumption. Moreover, the low energy demand, the reversibility 

of fouling and scaling, and the consistency of the results demonstrated that RO was a robust 

technology to concentrate the slag leachates and indicated good potential for upscaling the process. 

Finally, larger residence times in the precipitation reactor increased the crystal particle size and 

decreased the calcium concentration of the saturated solution [𝐶𝑎]𝑠, indicating an increase in the 

quantity of Ca(OH)2 precipitated per unit volume of solution.  

The stability and reliability of the continuous process was demonstrated by completing three 

continuous tests of 8, 12, and 24 hours using the same RO membranes. The Ca(OH)2 production 

rate was a function of the feed solution flow rate and it ranged from 0.45 to 1 kg per day. In all 

cases, the purity of the Ca(OH)2 exceeded 94%. Additionally, the water was fully recirculated, 

making the water consumption of the process virtually zero. All the outcomes of the pilot study 
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delivered important steps towards upscaling the process to produce Ca(OH)2 from industrial 

wastes at low temperatures. 

The third objective was accomplished in Chapter 4 wherein the techno-economic feasibility and 

the environmental impact of the process were evaluated for an up-scaled scenario producing 52 

tons per day of Ca(OH)2 from steel slag, assuming an integration scheme with thermal power 

plants to provide the waste heat for precipitation. The production cost of upcycled portlandite for 

the base case scenario was two to three times higher than the wholesale price of traditional 

portlandite. RO concentration was the unit operation that contributed the most to the production 

cost due to electricity, membrane replacement, and distributed capital expenses. Nevertheless, the 

sensitivity analysis showed that a competitive operating cost can be achieved by increasing 

membrane lifetime and decreasing the electricity consumption, which could be achieved using 

membranes with higher pH resistance and operating at lower pressure.  

The proposed Ca(OH)2 production route featured a CO2 footprint 40% to 80% lower than the 

benchmark product when the electricity was sourced from natural gas and solar thermal power, 

respectively. Finally, a geospatial analysis on feedstocks and waste heat sources elucidated that 

there are 60 thermal power plants in the Northeast, Southeast and Midwest regions of  the U.S. 

with potential to up-scale the technology and to implement an industrial-scale facility to produce 

52 tons of Ca(OH)2 per day with a production cost of $453 per ton of Ca(OH)2.  

5.2.      Future work 

Leaching 

In Chapter 1, different iron and steel slags were tested to determine the calcium concentration in 

solution obtained when they were leached with DI water. While herein we focused on ferrous slag, 
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the calcium content and extraction potential from non-ferrous slag and other underutilized alkaline 

industrial wastes such as fly ash or bottom ash from coal and municipal waste combustion should 

be explored. Additionally, other naturally occurring alkaline minerals such as olivine could be 

considered. From a process perspective, research and development efforts should focus on 

improving the efficiency of the leaching step by maximizing the extraction of calcium with 

minimum electricity costs. For example, using other reactor architectures such as packed or 

fluidized beds, continuously stirred reactors or other semi-continuous processes that maximize 

calcium extraction with minimum electricity consumption. 

RO concentration 

In Chapters 2 and 3, the RO concentration step was demonstrated using filmtec ® BW30XFR 

membranes. Nevertheless, the long-term stability and degradation behavior at high pH of these 

membranes should be carefully evaluated before up scaling the technology. Moreover, the 

suitability of other commercially available RO or nanofiltration membranes that have larger 

permeability (to decrease electricity consumption) and better resistance to high pH (>12) should 

be evaluated. Furthermore, considering that RO is a widespread technology for water treatment, 

integrating Ca(OH)2 production as a co-process in the treatment of water streams with similar 

physical-chemical characteristics as the leachates presented in this study – e.g., slag quenching 

water from steel plants, or naturally occurring alkaline hard water – could be of interest. Indeed, 

the treatment of concentrates from NF and RO are major challenges to implementing membrane 

treatment processes and the precipitation of sparingly soluble salts could be a potential solution. 

Additionally, utilizing existing infrastructure would reduce the capital expenses associated with  

RO. 
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Precipitation 

In Chapter 3, operating the precipitation step at 100 °C was found to decrease the electricity 

requirements of the RO step. However, the overall energy consumption of the process was 

minimized when operating the precipitation step at 40 °C to 60 °C. This temperature range was 

also desirable for up-scaling as a large fraction of the waste heat in thermal power plants comes 

from condensers and is typically below 50 °C.116 However, the yield of Ca(OH)2 precipitated per 

liter of solution was minimum at this temperature range. Thus, evaluating the technical feasibility 

of operating the precipitation step at lower temperatures would be of interest. To increase the yield 

of Ca(OH)2 precipitated per liter of solution and the specific RO pumping energy, the feed could 

be maintained at  ~5 or 10 °C. Nevertheless, the electricity requirements of cooling would need to 

be evaluated and suitable (natural or industrial) available cooling streams should be identified.  

Evaluation of alternative production methods 

In Chapter 4, the financial feasibility and CO2 footprint of the method proposed in this dissertation 

to produce Ca(OH)2 were compared with the traditional route. Nevertheless, other precipitation 

methods have been described in literature. For example, calcium hydroxide has been precipitated 

from aqueous solutions by combining CaCl2 and NaOH,103,172 or by electrochemical methods.173,174 

Thus, the financial feasibility and CO2 footprint of these alternative production methods should be 

explored.  



92 

 

Appendix A  

Supplementary Materials for Chapter 2 

 

 

Figure A1. The silicon concentration as a function of time in stirred conditions following 

leaching of a BOF-slag. 

 

 

Figure A2. The Ca-concentration after 6 hours during leaching at 25 °C under stirred 

conditions (s/l = 0.01, particle size: 53 µm) for six different slag types including: ladle slag 

(LS), stainless steel slag (SS), co-mingled electric arc furnace steel slag (cm-EAF), air-cooled 

blast furnace slag (ac-BF), basic oxygen furnace slag (BOF), and electric arc furnace steel slag 

(EAF), respectively. 
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Figure A3. The saturation index of 11Å Tobermorite, Portlandite (Ca(OH)2) and Brucite 

(Mg(OH)2) as a function of [Ca] and in the presence of other ionic species (see legend) as 

calculated using PHREEQC. The concentration of the other dissolved elements in solution was 

measured through ICP-OES for the 10 mM slag leachate solution after 6 h of leaching. 

 

Ionic conductivity calculations 

The parameters to solve Onsager’s equation can be calculated as follows: The ionic conductivity 

of each species at infinite dilution 𝜆𝑖
𝑜 is proportional to temperature in the range of our experiment. 

Figure S4 shows the reference value of 𝜆𝑖
𝑜at each temperature.175 Using the linear temperature 

dependence, 𝜆𝑖
𝑜 is calculated as a function of temperature T. 

𝜆𝐶𝑎
𝑜 (𝑇) =  1.941𝑇 + 3.087 (A1) 

𝜆𝑂𝐻
𝑜 (𝑇) =  3.061𝑇 + 126.2 (A2) 

Moreover, 𝑆 is calculated as  

𝑆𝐶𝑎(𝑇) =
1970 × 106

{𝜀𝑟(𝑇) × 𝑇}3/2
(

𝑞(𝑇)∗

1 + √𝑞(𝑇)∗
) × |𝑧𝐶𝑎𝑧𝑂𝐻|𝜆𝐶𝑎

𝑜 (𝑇) +
28.98 × |𝑧𝐶𝑎|

𝜂(𝑇) × {𝜀𝑟(𝑇) × 𝑇}1/2
 (A3) 
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𝑆𝑂𝐻(𝑇) =
1970 × 106

{𝜀𝑟(𝑇) × 𝑇}3/2
(

𝑞(𝑇)∗

1 + √𝑞(𝑇)∗
) × |𝑧𝐶𝑎𝑧𝑂𝐻|𝜆𝑂𝐻

𝑜 (𝑇) +
28.98 × |𝑧𝑂𝐻|

𝜂(𝑇) × {𝜀𝑟(𝑇) × 𝑇}1/2
 (A4) 

where, T represents temperature, 𝜂 the viscosity, 𝜀𝑟 the relative permittivity of the medium, and 

𝑧𝑖 the valence of each ionic species. The parameter q can be calculated as 

𝑞(𝑇)∗ =
2

3
×

(𝜆𝐶𝑎
𝑜 (𝑇) + 𝜆𝑂𝐻

𝑜 (𝑇))

(𝜆𝐶𝑎
𝑜 (𝑇) + 2𝜆𝑂𝐻

𝑜 (𝑇))
 (A5) 

 

 

Figure A4. The relationship between temperature and equivalent conductivity at infinite 

dilution  𝜆𝑖
𝑜 of Ca2+ and OH-.175 

Moreover, the relative permittivity 𝜀𝑟 and the viscosity 𝜂 of the solvent are dependent on 

temperature T (in °C). Figure A5 shows the reference value of 𝜀𝑟 at each temperature.176  The value 

of 𝜀𝑟 can be determined by the linear regression expressed as Equation S6 and 𝜂 is calculated by 

Equation A7.177 

𝜀𝑟(𝑇) = −0.3083𝑇 + 85.70 (A6) 

𝜂(𝑇) = 2.414 × 10−5 × 10247.8/(𝑇−140) (A7) 
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Finally, the ional concentration 𝛤 can be calculated according to 

𝛤([𝐶𝑎]𝑎𝑞) = [𝐶𝑎]𝑎𝑞𝑧𝐶𝑎
2+ [𝑂𝐻−]𝑎𝑞𝑧𝑂𝐻

2 (A8) 

  

 

Figure A5. The relationship between temperature and the relative permittivity 𝜀𝑟of water.176 

 

Determination of the calcium concentration from the conductivity of the solution 

To determine aqueous calcium concentration [Ca]aq from the measured conductivity, it is 

necessary to describe the relationship between the hydroxide concentration [OH-]aq, [Ca]aq and 

temperature because the concentration of hydroxide [OH-]aq dominantly affects the conductivity. 

Figure A6 shows the theoretical variation of [OH-]aq as a function of temperature for different 

calcium concentrations [Ca]aq calculated using PHREEQC. It indicates that [OH-]aq decreased 

linearly with temperature. 
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Figure A6. Theoretical variation of [OH-]aq as a function of temperature for different calcium 

concentrations [Ca]aq calculated using PHREEQC. 

The calibration equation was set as [OH-]aq = αT + β, where  β is [OH-]aq at 25 °C as a function 

of [Ca]aq and α describes the change in [OH-]aq with increasing temperature and [Ca]aq. Figure 

A7 shows the linear regression used to calculate α and β. 

Hence, the change in [OH-]aq as a function of temperature and calcium concentration is given by 

[𝑂𝐻]𝑎𝑞 =  −1.321 ∗ 10−3[𝐶𝑎]𝑎𝑞𝑇 +  1.806[𝐶𝑎]𝑎𝑞 (A9) 

Finally, Equation A10 can be used to estimate [Ca] from conductivity measurements. 

𝜎𝑐𝑎𝑙𝑐([𝐶𝑎]𝑎𝑞, 𝑇) = 2[𝐶𝑎]𝑎𝑞 {𝜆𝐶𝑎
𝑜 (𝑇)  − 𝑆𝐶𝑎(𝑇) × 𝛤([𝐶𝑎]𝑎𝑞)

1/2
}

+ [𝑂𝐻]𝑎𝑞([𝐶𝑎]𝑎𝑞, 𝑇) {𝜆𝑂𝐻
𝑜 (𝑇)  − 𝑆𝑂𝐻(𝑇) × 𝛤([𝐶𝑎]𝑎𝑞)

1/2
} 

(A10) 
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(a) (b) 

Figure A7. The parameters used for determining [OH-]aq as a function of temperature and Ca- 

concentration: (a) slope α, and (b) intercept β, corresponding to [OH-]aq at 25 °C. 

Calculation of energy required to produce Ca(OH)2 using only waste heat  

Concentrating the calcium-rich leachate solution to precipitate 1 kg of Ca(OH)2 using only waste 

heat  would require the evaporation of 2466 L of water. First, the volume of water to be evaporated  

to bring the solution to the saturation point of Ca(OH)2 (13.8 mM at 100 °C) was calculated as 

∆V = Vi − Vf. Where Vi and Vf are the initial and final solution volume before and after 

evaporation, respectively.  Assuming the leachate solution has an initial volume Vi of 5400 L and 

a [Ca] concentration ci of 10 mM (Figure S1), the solution volume after evaporation Vf can be 

calculated according to Vf = Vici/cf, where cf = 13.8 mM corresponds to the saturation 

concentration of Ca(OH)2 at 100 °C. Thus,  1487 L of water need to be evaporated. Second, 

precipitating 1 kg of Ca(OH)2 from this saturated solution requires to evaporate 979 L of water, 

assuming that for every liter of water evaporated from the saturated solution, 13.8 millimoles of 

Ca(OH)2 will precipitate. Thus, the total waste heat Q required to drive Ca(OH)2 concentration and 

precipitation using only waste heat is given by 
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Q = Vρ(cp∆T + hfg) A11 

where V (=2466 L) is the volume of water evaporated, ρ = 1 kg/L and cp = 4.18 kJ/(kg K) are 

the density and heat capacity of water, respectively, ∆T = 75 K is the temperature difference and 

hfg = 2257 kJ/kg is the heat of vaporization of water. Under these assumptions, Q = 6338 MJ 

would be necessary to precipitate 1 kg of Ca(OH)2. By contrast, the total amount of energy for RO 

concentration and sub-boiling precipitation is 2.2 MJ of electricity and 677 MJ of waste heat, 

respectively. It is one order of magnitude lower than what is required to precipitate Ca(OH)2 using 

waste heat only. Thus, the amount of waste heat of 5,000,000 GJ per year from a 10 MWe mid-

sized power plant would enable the production of 7385 tons of Ca(OH)2 per year when combined 

with RO concentration. By contrast, the production rate would be only 788 tons of Ca(OH)2 per 

year if both concentration and precipitation are performed using only waste heat. 

 

 

 

 

 

 

 

 

 

 



99 

 

Appendix B  

Supplementary Materials for Chapter 3 

 

 

Figure B1. Calibration curve to relate conductivity and [Ca] Concentration in solution 

 

 

 

Figure B2. Flow sheet diagram of the Aspen plus V10 model. 
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Figure B3. Elemental analysis of BOF slag leachates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 

Appendix C  

Supplementary Materials for Chapter 4 

 

 

Figure C1. The Ca-concentration as a function of time during leaching at 25 °C under stirred 

conditions (s/l = 0.01, particle size: 53 μm) for six different slag types including: ladle slag 

(LS), stainless steel slag (SS), co-mingled electric arc furnace steel slag (cm-EAF), air-cooled 

blast furnace slag (ac-BF), basic oxygen furnace slag (BOF), and electric arc furnace steel slag 

(EAF), respectively. 

 

RO pressure optimization 

• Reverse Osmosis concentration represents one of the largest operating cost for portlandite 

production 

• RO operating cost is a tradeoff between electricity and membrane cost 

• Cost optimization for base case scenario  

– Membrane replacement every 2 years 

– Minimum operating cost when operating at 1200 kPa  
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– Membrane area required for the plant was estimated to be 169,232 m2, which 

corresponds to a cost of  $3,230,406   

– Minimum combined cost (membranes + electricity) is $183/ton Ca(OH)2 

• Sensitivity analysis of optimum cost as a function of membrane replacement frequency 

– At lower replacement frequency it is more cost effective to operate at a lower 

pressure  

– If membranes can be replaced every 5 years 

• Operating pressure can be reduced to 650 kPa 

• Combined operating cost would be $116/ton Ca(OH)2 

 

 
 

(a) (b) 

Figure C2. (a) The cost of electricity and membrane replacement (assuming membranes should 

be replaced every 2 years) as a function of feed pressure for RO concentration, (b) Sensitivity 

analysis of optimum cost as a function of membrane replacement frequency 
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Table C1. Capital cost of major equipment required for RO installation taken from.70 The Capital 

cost expenses considered for the RO unit are highlighted in blue. 

 

 

Figure C3. Capital cost expenses break down of RO unit operation 
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