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A B S T R A C T   

The production of Ca(OH)2 via thermal decomposition of limestone is an energy intensive process resulting in 
significant CO2 emissions. However, if produced in a manner that obviates the need for the thermal decompo-
sition of limestone, Ca(OH)2 could be a “CO2-negative” material. Herein, we design and demonstrate 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 by temperature swing. This process presents several advantages compared to the 
traditional route. First, it advances the recycling of waste from the steel industry. Second, it operates significantly 
below the temperature used in conventional lime production (900 ◦C) as it bypasses limestone calcination, 
responsible for ~65% of the CO2 emissions from the current process. Thus, the new process has a lower CO2 
footprint and enables the use of industrial waste heat. 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, 
demonstrating 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.   

1. Introduction 

The use of lime CaO and hydrated lime Ca(OH)2 as a construction 
material dates back to 6,000 years when it was used by the Egyptians for 
plastering the pyramids [1]. Besides cementation [2,3], lime finds an 
extensive number of applications including paper production [4], water 
treatment [5,6], iron ores processing [7], and soil pH regulation [8,9]. 

Additionally, hydrated lime (portlandite) can capture 59% of its weight 
in CO2 when it undergoes carbonation [10,11]. Hence, Ca(OH)2 could 
be a “CO2-negative” material if its production process could emit less 
than 0.59 tons of CO2 per ton of Ca(OH)2. Making CO2-negative Ca(OH)2 
could help decarbonize some industries. For example, partially replacing 
cement with supplementary cementitious materials and Ca(OH)2 [12] 
could diminish the demand for ordinary Portland cement (OPC) whose 
production accounts for 7% of global anthropogenic CO2 emissions [13]. 
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According to the U.S. Geological Survey (USGS), 430 million tons of 
quick- and hydrated-lime were produced globally in 2019 [14]. How-
ever, its current production is energy intensive and a major emitter of 
CO2 [9,15]. It also requires the use of limestone, a non-renewable 
mineral that fosters biodiversity in natural ecosystems [16]. To 
decrease the extent of extractive activities, the amount of energy needs 
and CO2 emissions of lime production, we have previously developed a 
facile three-step route to produce Ca(OH)2 from slag, an alkaline 
byproduct of the iron industry [17,18]. The process operated at low 
temperature (≤ 100 ◦C) and bypassed calcination, the most CO2 emit-
ting step of CaO and Ca(OH)2 production. 

In this calcination-free method, slag and water came in contact to 
obtain a solution with calcium concentration ([Ca]) ranging from 1 to 
17 mmol/L (mM) [17]. Our previous study showed that achieving large 
calcium concentrations in solution by increasing the solid to liquid ratio 
during leaching came at the expense of calcium conversion [17]. 
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, since the 
silicon leached also from slag captured the dissolved calcium through 
the precipitation of calcium silicate hydrate phases that have a lower 
solubility than Ca(OH)2 [19–21]. Although the method developed was 
demonstrated with basic oxygen furnace (BOF) slag, other types of slag, 
fly ashes, and alkaline rock species can also release calcium through 
leaching [22–26]. 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 
[27], 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 [28]). Batch RO experi-
ments – wherein the concentration of the feed increases as a function of 

time – indicated that after 6 h, membrane scaling hindered the con-
centration process, questioning 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 
decreasing solubility of Ca(OH)2 with increasing solution temperature 
[29]. 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 synthe-
sized 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. 

The proof-of concept of our process was demonstrated successfully 
on the laboratory scale, with each step demonstrated separately [17,18]. 
However, we did not show a continuous integrated process, a key step 
towards process intensification. In addition, the proposed process could 
have a large water footprint, requiring 5400 L of water per kg of Ca 
(OH)2 produced. Thus, implementing water recirculation is essential to 
demonstrate that this technology is technically viable. The present study 
aims to scale-up the three-step Ca(OH)2 production method previously 
developed [17] by demonstrating a continuous pilot system capable of 
producing up to 1 kg of Ca(OH)2 per day. A steady-state model based on 
mass and energy conservation principles was used to select the operating 
conditions tested in the pilot system, and to assess the influence of cal-
cium concentration and precipitation temperature on the process energy 
consumption and production throughput. 

2. Materials and methods 

2.1. Materials 

2.1.1. Slag preparation and characterization 
A mass of 500 kg of BOF slag was obtained from Stein Inc. (Ohio, U. 

Nomenclature 

Am membrane area (m2) 
[Ca] calcium concentration (mol/m3) 
cp heat capacity of water (J/(kg⋅K)) 
d slag particle size (μm) 
DI impeller diameter (m) 
GSA geometric surface area (cm2/g) 
Lp membrane permeability (m3/(s⋅m2⋅Pa)) 
ṁ mass flow rate (kg/s) 
M mass (kg) 
M molar mass (g/mol) 
Nb number of leaching batches 
Np mixing power number 
P pressure (Pa) 
ΔPmem transmembrane pressure difference (Pa) 
q specific thermal energy (kWh/kg Ca(OH)2) 
Q̇ thermal power (kW) 
[OH− ] hydroxyl ion concentration (mol/m3) 
R rejection coefficient 
RU universal gas constant (J/(mol⋅K)) 
SAi particle surface area (cm2) 
T temperature (K or ◦C) 
Vi particle volume (cm3) 
Vprecip precipitation reactor volume (m3) 
V̇ volumetric flow rate (L/h or m3/s) 
W specific energy consumption (kWh/kg) 
W energy consumption (kWh) 
Ẇ power consumption (kW) 
Wb bond work index 

XCa Ca yield 

Greek Symbols 
φi differential volume fraction 
ηp pump hydraulic efficiency 
ηPC precipitation efficiency 
Δπ osmotic pressure difference (Pa) 
ρ density of water (kg/m3) 
τ duration of the continuous process (s) 
ω rotational frequency (s− 1) 

Subscript 
Cool refers to cooling 
Cin refers to inlet cooling stream 
Cout refers to outlet cooling stream 
Ca(OH)2 calcium hydroxide 
e experimental 
f refers to final slag particle size 
F feed stream 
g grinding 
heat heating 
i refers to initial particle size 
L leachate stream 
m mixing 
M refers to mix stream 
P refers to precipitation or permeate stream 
R refers to retentate stream 
S refers to saturate stream 
slag refers to slag  
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S) and milled in 5 batches for 2 h 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). The par-
ticle 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 as [30]. 

GSA =
∑n

i=1

SAiφi

Viρslag
(1)  

where φi is the volume fraction of particles with diameters between di 
and di+1i + 1′′ while SAi (in cm2), and Vi (in cm3) are the surface area 
and volume of the spherical particle, respectively. The density of the slag 
ρslag was taken as 3.46 g/cm3 [31]. 

The mineralogical composition of the BOF slag was determined prior 
to and after 30 min of dissolution using X-ray diffraction (XRD). XRD 
analysis was performed using a PANalytical X′Pertpro diffractometer 
(θ-θ configuration, CuKα radiation, λ = 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. 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%). The results are in accordance with literature [32,33]. This in-
formation was used to quantify the calcium leaching yield (or extrac-
tion) XCa from the slag to the leaching solution according to XCa 

= nCa,sln(t = 30 min)/nCa,slag where nCa,sln(t = 30 min) are the number 
of moles of calcium in solution after 30 min of leaching and nCa,slag are 
the number of moles of calcium in the solid slag as measured by XRF. 

2.1.2. 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 that 
precipitated on the surface of the heaters of the precipitation reactor. 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 subtracting the mass of the filters dried at 
60 ◦C for 24 h from the initial mass of the unused filter. The mass pro-
duction rate ṁCa(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. 
The Ca(OH)2 crystals were characterized using thermogravimetric 

analysis (TGA), X-ray diffraction (XRD), and scanning electron micro-
scopy (SEM). TGA measurements were performed using a Perkin Elmer 
STA 6000. First, the sample was equilibrated at 35 ◦C for 5 min to 
establish a mass baseline. Then, the sample was gradually heated 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 temper-
ature 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 [34,35] and ~600 ◦C [36], 
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. 

2.2. Pilot system 

2.2.1. Equipment 
Fig. 1 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 three main unit operations were (i) leaching (batch operation), (ii) 
concentration by reverse osmosis (continuous operation), and (iii) pre-
cipitation (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 sepa-
ration steps were used to remove the solids from the leachate. First, a 
trap for solid particulates (Gleco trap HV, 18 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 (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 consump-
tion, 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 sus-
tained using only the water required to startup the system. The retentate 
stream was directed to a thermally insulated stainless-steel precipitation 
reactor (Vprecip = 190 L) operating at a constant temperature of 95 

± 5 ◦C maintained with two 6 kW Tempco electric heaters. Mixing in the 
precipitation reactor was achieved by using an electric mixer operating 

Fig. 1. (a) A rendering of the pilot system at UCLA and (b) a photograph of the 
experimental pilot system built to produce Ca(OH)2 from BOF slag. 
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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 ex-
change area) was used for cooling the feed stream by circulating 450 L/h 
of water at 18 ◦C. 

2.2.2. 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 sensor and a conductivity 
meter (Omega CDTX-2853), respectively. The conductivity measure-
ments were used to estimate the calcium concentration of the feed 
stream using a calibration curve relating conductivity to the total cal-
cium concentration [Ca] (Fig. S1). 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 measure the 
concentration of dissolved species. Additionally, solution aliquots of 
20 mL were extracted after 0, 5, 10, 20, and 30 min 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 the 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 procured from Inorganic Ventures. 

2.2.3. Startup procedure and operating conditions 
During the startup, 7.5 kg of BOF slag were mixed with 150 L of 

water for 30 min 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 with the 
leachate solution. Subsequently, the precipitation reactor was filled with 
concentrated leachate solution and heated to 95 ◦C. After the concen-
trated 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. 

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 1 
shows the operating conditions of the three pilot tests. Different feed 
pressure and flow rates were tested to evaluate changes in the process 
and characteristics of the final product. 

2.3. Energy balance 

To perform a detailed energy balance of the process, the energy of 
grinding and mixing as well as the energy consumed for heating and 
pumping were calculated as follows. 

Grinding energy consumption: The specific energy consumption of 
grinding slag wg,slag (in kWh/ton slag) was given by [37]. 

wg,slag = Wb

(
10̅̅̅
̅̅

df
√ −

10̅̅̅
̅

di
√

)

(2)  

where Wb = 18.3 kWh/ton slag is the Bond work index of slag [38], di 
= 9500 µm is the initial particle size, and df = 100 µm is the desired 
final particle size. The energy associated with grinding was given by 
Wg = wg,slagmslag where the total mass of slag mslag used was 48 kg, 
50.5 kg, and 59.5 kg, for pilot tests 1, 2, and 3, 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, 
i.e., wg = Wg/mCa(OH)2 ,e = wg,slagmslag/mCa(OH)2 ,e. 

Mixing energy consumption: The power consumption of the mixers Ẇm 
(in W) was computed according to [39]. 

Ẇm = Npρω3D5
I (3)  

where Np = 0.35 is the power number, ρ = 1000 kg/m3 is the density of 
water, 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 
[39]. Each leaching batch was stirred for 30 min (or 1800 s). Thus, the 
energy consumed by the mixer during leaching Wm,L (in J) was expressed 
as 

Wm,L = 1800NbẆm (4)  

where Nb is the total number of leaching batches carried out during the 
experiments. Pilot tests 1, 2, and 3 consumed Nb = 7, 9, and 11 leaching 

Table 1 
Operating conditions used to test the system during the pilot tests 1, 2, and 3.  

Operating parameters for Pilot test #: 1 2 3 

Average feed flow rate V̇F (L/h) 254 185 90 
Average saturate flow rate V̇S (L/h) 134 90 44 
Average leachate flow rate V̇L (L/h) 120 95 46 
Hours of continuous operation (h) 8 12 24 
Average precipitation temperature TS (◦C) 87 95 95  

Fig. 2. Process flow diagram of the steady-state model to produce Ca(OH)2 from alkaline calcium-containing leachates. The variables considered in the model 
include the volumetric flow rate V̇, the calcium concentration [Ca], the pressure P, and the temperature T in each unit operation. 

S.V. Castaño et al.                                                                                                                                                                                                                              



Journal of Environmental Chemical Engineering 10 (2022) 107792

5

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 = τẆm (5)  

where τ is the duration of the pilot test (in s) corresponding to 8, 12, and 
24 h 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 (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. Modeling 

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 vali-
dated using Aspen Plus v10 (Fig. S2) [40]. Fig. 2 shows the process flow 
diagram of the model and the variables considered in each unit opera-
tion. The leaching process was not simulated because the rate and 
magnitude of calcium release from the 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 [24,25,41]. Instead, the leachate concen-
tration [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 so-
lution density was independent of temperature and was approximated as 
that of water. (iv) The leachate entered the feed reservoir with a leachate 
calcium concentration [Ca]L at flow rate V̇L. (v) The water was fully 
recirculated, i.e., V̇L = V̇P. (vi) The temperature, pressure, and con-
centration were uniform inside each unit operation. (vii) The complex-
ation of calcium ions in solution was ignored and calcium was present 
either as Ca2+ ions and hereafter referred to as [Ca] or as solid Ca(OH)2 

according to the precipitation reaction Ca2+ + 2OH− ↔ Ca(OH)2(s). 

3.2. Model governing equations 

Pump: The power delivered by the RO pump Ẇp to increase the 
pressure of the solution from atmospheric pressure (PM = 101,325 Pa) in 
the feed reservoir to the desired feed stream pressure PF entering the RO 
unit was defined as [42] 

Ẇp =
V̇F(PF − PM)

ηp
(7)  

where V̇F 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 = Ẇp/ṁCa(OH)2

. 
Reverse Osmosis (RO) unit: To model the RO membrane separation 

step, the mass conservation equations for the solution and the calcium 
were expressed, respectively, as 

V̇F = V̇P + V̇R (8)  

V̇F [Ca]F = V̇P[Ca]P + V̇R[Ca]R (9)  

where V̇F, V̇P, and V̇R 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 by [43] 

V̇P = AmLp(ΔPmem − Δπ) (10)  

where Am = 5.2 m2 is the membrane area, Lp = 8.64 × 10− 12 m3/(s m2 

Pa) is the membrane permeability estimated from experimental data 
[17] and matching that reported in literature [44–46]. The trans-
membrane pressure difference ΔPmem is defined as the difference be-
tween the feed PF and the permeate PP pressures, i.e., ΔPmem = PF −

PP. The permeate stream was assumed to be at atmospheric pressure (PP 
= 101,325 Pa). The osmotic pressure difference between the feed and 
the permeate solutions was computed according to [43,47] 

Δπ = RUTF
[(
[Ca]F + [OH − ]F

)
−
(
[Ca]P + [OH− ]P

) ]
(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) (12) 

Precipitation: Following concentration in the RO unit, the retentate 
solution entered a continuously stirred precipitation reactor. The solu-
tion in this unit was assumed to be in equilibrium with the solid por-
tlandite, 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 Fig. 3. The volume flow rate of solid 
Ca(OH)2 exiting the crystallizer V̇Ca(OH)2 was expressed as 

V̇Ca(OH)2
= V̇sφCa(OH)2

= V̇s
MCa(OH)2

ρCa(OH)2

([Ca]R − [Ca]s) (13)  

where V̇s is the saturate flow rate and φCa(OH)2
= V̇Ca(OH)2

/V̇s is the vol-
ume fraction of Ca(OH)2 in the saturated solution. Here, 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 ṁCa(OH)2

= ρCa(OH)2
V̇Ca(OH)2

. Since the volume 
fraction of Ca(OH)2 is very small φCa(OH)2 

~ 2.6 × 10− 4 the volumetric 

Fig. 3. Ca(OH)2 solubility in water as a function of temperature Ts [28].  
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flow rate of the retentate and saturated stream were assumed to be equal 
so that V̇R = V̇s. Now, the thermal power (in W) required for Ca(OH)2 
precipitation was written as 

Q̇heat = ρcpV̇R(TS − TR) (14)  

where ρ = 1000 kg/m3 and cp = 4184 J/kg⋅K are respectively the den-
sity and heat capacity of the solution, taken as those of water [48], 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 [in J/kg Ca(OH)2] consumed during 
the precipitation process was calculated by dividing the heating power 
Q̇heat by the Ca(OH)2 mass production rate, i.e., qheat = Q̇heat/ṁCa(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 of aqueous calcium into solid Ca(OH)2, the 
saturated solution was recirculated back to the feed reservoir. 

Fig. 4. 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.  

Fig. 5. Predicted (a) specific pumping power consumption, (b) feed flow rate V̇F 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. 
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Feed Reservoir: The mass conservation equations for the solution and 
calcium in the feed reservoir can be written as 

V̇M = V̇L + V̇S[1 − φCa(OH)2
] (15)  

V̇M [Ca]M = V̇L[Ca]L + V̇S[1 − φCa(OH)2
][Ca]S (16)  

where V̇M, V̇L, and V̇S are the volumetric flow rates, 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 tem-
perature TM of 20 ◦C was expressed as [48] 

Q̇cool = ρcpV̇M

(

TM −
V̇LTL + V̇S(1 − φCa(OH)2

)TS

V̇L + V̇S(1 − φCa(OH)2
)

)

= ρcpV̇C (TC,out − TC,in) (17)  

where V̇C is the flow rate, and TC,in and TC,out are the inlet and outlet 
temperatures of the water cooling the reservoir. The cooling power Q̇cool 
and the operating constraints of the pilot system - with cooling stream 
flow rate V̇C = 454 L/h, and inlet temperature TC,in= 18 ◦C - were 
used to design the heat exchanger area necessary to cool the actual feed 
reservoir using the countercurrent heat exchanger model [48]. 

3.3. Method of solution 

Fig. 4 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. Model validation was performed 
by comparing the results with those of Aspen Plus V10. 

The constraints used to initialize the model were (i) a Ca(OH)2 
production rate ṁCa(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 tempera-
ture and feed calcium concentration on the water consumption, and 
heating and pumping requirements of the process. The operating con-
ditions of the experimental pilot process were optimized to minimize the 
pumping power of the RO-driven concentration since the electricity 
consumption of this step contributed significantly to the operating cost 
of the process. The overall energy consumption as a function of pre-
cipitation temperature 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. 

4. Results and discussion 

4.1. Modeling the effect of different operating conditions on power 
consumption 

Fig. 5 shows the model predictions for (a) the specific pumping 
power consumption wp, (b) the feed flow rate V̇F and pressure PF, (c) the 
specific heat consumption qheat , and (d) the total specific energy con-
sumption qheat +wp as functions of the precipitation temperature TS to 
achieve a retentate concentration [Ca]R of 21.2 mM and a mass pro-
duction rate ṁCa(OH)2 

of 1 kg of Ca(OH)2 per day. Fig. 5(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 flow rate V̇F and pressure PF were needed as the precipi-
tation temperature increased [Fig. 5(b)]. In addition, increasing the feed 
concentration [Ca]F to 15 mM further reduced the pumping energy wp 

and the feed pressure PF since a smaller degree of concentration was 

necessary to achieve the saturation point of portlandite in the retentate 
([Ca]R = 21 mM). However, this scenario might not be realistic consid-
ering that slag typically yields leachate calcium concentration [Ca]L 
below 10 mM. Nevertheless, it could be relevant when leaching other 
alkaline wastes or minerals. 

As expected, Fig. 5(c) shows that the thermal energy qheat required 
per kg of Ca(OH)2 precipitate increased quasi-linearly as the precipita-
tion temperature TS increased. Finally, Fig. 5(d) shows the total specific 
energy consumption is minimum when operating the precipitation 
reactor at TS in the range of 40–55 ◦C, depending on the feed concen-
tration. Below 40 ◦C, pumping requirements superseded thermal energy 
input. Above 55 ◦C, the decrease in pumping energy consumption was 
marginal, and the heat consumption dominated. For upscaling purposes, 
operating around 40–55 ◦C is desirable as a large fraction of the waste 
heat in thermal power plants comes from condensers and is typically 
below 50 ◦C [49]. 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. 

4.2. Slag leaching 

4.2.1. Insights in the dissolution of BOF slag in DI water 
Fig. 6(a) shows the particle size distribution of the slag. Fig. 6(b) 

shows the XRD patterns of BOF slag before and after dissolution. The 
following crystalline phases were detected in the slag before dissolution: 
portlandite – Ca(OH)2 (PDF #04–010–3117), quartz – SiO2 (PDF 

Fig. 6. (a) particle size distribution of the slag and (b) XRD diffractogram of the 
slag before and after 30 min 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 the discontinuity in the diffractogram at 31.7º, 34.4º, and 36.2º 2θ 
correspond to zincite (ZnO, 99.999%) peaks that were cut off for clarity. ZnO 
was used as an internal standard for XRD analysis to determine the amount of 
amorphous slag. 
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#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 hema-
tite – Fe2O3 (PDF #04–003–2900). All these crystalline phases are 
commonly found in BOF slag [32,33]. 

Fig. 6 indicates a complete dissolution of the slag portlandite con-
tent, whereas the other crystalline phases present in the slag were nearly 
undissolved after 30 min 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 magni-
tude lower than the final concentration of calcium (see Fig. S3 in Sup-
plementary material). This observation was consistent with the lower 
solubility and/or kinetic rate constant of the other phases present in slag 
compared to portlandite [25]. Typically, BOF slag is underutilized in the 
construction industry compared to other types of slag because its high 
free lime content may generate cracking in concrete [50,51]. 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 [17]. 

4.2.2. Effect of particle size distribution on leachate calcium concentration 
Fig. 7 shows the leachate concentration [Ca]L achieved experimen-

tally 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. Fig. 7(a) and 7(b) indicate 
that calcium leaching was fast initially followed by a slower release after 
10 min. 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. Indeed, if other calcium phases had precipitated, 
the dissolved calcium in solution would have decreased eventually [17]. 
Fig. 7(c) and 7(d) show that, as the geometric surface area increased, the 
initial leachate concentration [Ca]L (at 0 min) approached a similar 
value of ~8 mM for both s/l ratios considered. Additionally, Fig. 7(c) 
and 7(d) reveal that the leachate concentration [Ca]L difference between 
0 and 30 min increased with increasing geometric surface area. In other 
words, increasing the geometric surface area increased the dissolution 
rate [52]. 

Decreasing the particle size and the leaching time seems more 
desirable than increasing the s/l ratio to maximize the calcium con-
version during leaching while minimizing raw material consumption. 
Indeed, increasing the s/l ratio while maintaining the same particle size 
did not have a significant effect on Ca leaching yield XCa. However, 
decreasing the particle size increased the yield XCa from 5% to 11% and 
from 2% to 8% for s/l ratios of 0.03 and 0.05, respectively. However, 
decreasing the particle size may also increase other species dissolution 
and specifically the Si-containing amorphous fraction [52,53]. 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 exper-
iments with smaller slag particle size should be evaluated to find the 
optimum leaching conditions where portlandite dissolution is maxi-
mized and dominates over the dissolution of other phases in the slag. In 
practice, the Ca leaching yield could be improved by using a semi-batch 

Fig. 7. Leachate concentration [Ca]L as a function of time and particle size fraction for a solid to liquid ratio (s/l) 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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or continuous process based on a series of countercurrent leaching 
vessels and/or by increasing the leaching time to maximize calcium 
dissolution. Moreover, when increasing the leaching time to maximize 
calcium dissolution, the stirring energy required for the leaching process 
should be minimized. 

4.3. 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. Fig. 8 shows the measured (a) feed 
temperature TF, (b) retentate pressure PR, (c) total calcium concentra-
tions 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. Fig. 8(a) indicates that the feed tem-
perature ranged from 20 ◦C to 30 ◦C in all the experiments, indicating 
that the cooling system functioned properly. Fig. 8(b) shows that the 
pressure drop (PF − PR) across 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. 
Fig. 8(c) indicates that the feed concentration [Ca]F was constant around 
10 ± 2 mM, as expected from the process design. The permeate con-
centration [Ca]P remained below 1 mM suggesting negligible membrane 
degradation. This was confirmed by the calcium rejection averaging 
99.3%, 99.1% and 98.7% in pilot tests 1, 2, and 3, respectively. 

Fig. 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 [Eq. (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 h of continuous operation. This could be due to membrane 
compaction and system equilibration [54]. 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 pressures result-
ing in membrane fouling [55]. After each test, the membrane was 
cleaned with a diluted nitric acid solution (pH ~ 3) for 1 h. 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, study of membrane durability should be performed for 
different commercially available products before upscaling the tech-
nology to select the most suitable RO membrane. 

Fig. 8(c) and 8(d) show the calcium concentration [Ca]R and the 
concentration factor CF in the retentate as functions of time, respec-
tively. 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. Fig. 8(c) and 8(d) indicate that the mem-
branes tolerated calcium containing solutions concentrated above the 
saturation point of Ca(OH)2 since its permeability was very similar in all 
cases. Nevertheless, Fig. 8(d) shows that a decrease in concentration 
factor coincided with an improvement in membrane permeability (for 
example at normalized time t/τ 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. 

Fig. 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. 
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We hypothesized that supersaturation was possible without causing 
substantial membrane degradation because calcium concentration oc-
curs instantaneously in the RO system at elevated flow rates whereas the 
kinetics of Ca(OH)2 crystallization and precipitation from a saturated 
solution at room temperature is slow [56,57]. However, operating near 
portlandite saturation continuously increased scaling on the RO mem-
branes by the formation of Ca(OH)2 or CaCO3 precipitates. Periodical 
flow reversal could improve the membrane’s lifetime [58]. Additionally, 
anti-scaling coatings of polyethylene glycol (PEG) have been shown to 
reduce precipitate formation in BW30 Filmtec® membranes used in this 
study [59]. 

4.4. Precipitation and Ca(OH)2 characterization 

Following the concentration step, Ca(OH)2 precipitated in a contin-
uously stirred reactor maintained at a constant temperature of 95 
± 5 ◦C. Fig. 9 shows (a) the concentration of the recycled saturate 
stream [Ca]S – after filtering out the solid Ca(OH)2 – as a function of time, 

(b) XRD pattern, and (c) TGA-DTG spectrum of the solid precipitates for 
all three pilot tests performed. Fig. 9(a) shows that the saturate con-
centration was strongly dependent on the precipitation temperature TS. 
For example, at the beginning of pilot tests 1 and 2 when the precipi-
tation temperature was below 90 ◦C, the calcium concentrations in so-
lution [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 [Fig. 8(c)]. 
Fig. 9(b) establishes that portlandite was the most abundant phase 

present in the solid precipitate 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. These results were further 
confirmed by TGA-DTG, indicating that the Ca(OH)2 content, calculated 
from its decomposition around 500 ◦C [35,60], made up 63–72 wt% of 
the analyzed precipitates. Water content represented 23–34 wt% of the 
solids [Fig. 9(c)]. An additional 2 wt% of the precipitates decomposed 
around 700 ◦C, corresponding to the presence of CaCO3, undetected by 
XRD due to its small mass fraction. The latter may have formed because 
of the presence of dissolved CO2 in the feed water [36] and/or, the brief 
contact of the wet Ca(OH)2 precipitate with air during drying when it 
carbonated upon exposure to atmospheric CO2 [61]. The remaining 2 wt 
% impurities appear to be composed of slag particulates. Compared with 
our previous benchtop experiments [17], the amount of CaCO3 impu-
rities was drastically reduced in the pilot system because the ratio of the 
volume of solution to the surface in contact with air was much larger. 
These results demonstrate that the purity of Ca(OH)2 obtained with this 
pilot system paralleled that of commercial-grade hydrated lime [62]. 

Table 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 pro-
duction 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 – defined as the ratio of 
the theoretical and experimental production rates ηPC = ṁCa(OH)2

/

ṁCa(OH)2 ,e – was the largest during pilot test 3. This coincided with a 
lower saturate calcium concentration [Ca]S, indicating an improvement 
in the precipitation yield in pilot test 3. The purity of Ca(OH)2 solids 
exceeded 93.9% in all cases. Table 2 indicates that the average saturate 
concentration [Ca]S measured experimentally was larger than the theo-
retical 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 theoretical solubility limit. 
Indeed, variations in Ca(OH)2 solubility across the literature consulted 
may be as much as ± 5 mM [28,40]. In fact, Ca(OH)2 solubility was 
found to be dependent on crystal size, the source material, and the solid 
dosage [29,63–65]. In the present study, differences between theoretical 
and experimental solubilities could be due to the presence of other 

Fig. 9. (a) [Ca] concentration and precipitation temperature TS in the saturate 
stream as functions of time, (b) XRD, and (c) TGA-DTG spectrum of the solid 
precipitate from pilot tests 1,2, and 3. 

Table 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 
Test duration τ 8 h 12 h 24 h 
Average residence time (Vprecip/V̇S) 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 ṁCa(OH)2 ,e 41 g/h 28.6 g/h 18.8 g/h 
Precipitation efficiency ηPC 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

a 14.6 mM 14.1 mM 13.9 mM  

a Calculated with PHREEQC using the minteq.v4 database [70]. 
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cations in solution leached from slag and increasing the pH of the so-
lution [25] – compared with pure Ca(OH)2 solutions – thus, shifting the 
equilibrium towards the formation of solid Ca(OH)2 [66]. 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 
kinetics plays an important role in precipitation reactions. 

Fig. 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. It is evident that all the precipitated crystals 
had hexagonal structures characteristic of Ca(OH)2 [61,67]. Fig. 10(c) 
indicates that the Ca(OH)2 crystals were larger in pilot test 3 than in the 
other tests. This observation was consistent with the larger residence 
time of ~ 2 h in the precipitation reactor compared with ~ 1 h in pilot 
tests 1 and 2 [57]. The smaller crystal size obtained during pilot tests 1 
and 2 resulted in larger calcium concentration dissolved in solution 
[Ca]S, since smaller crystals ( < 1 µm) may have not been filtered out of 
the saturated solution and/or may have redissolved during the sampling 
procedure. In fact, coarser crystals display lower solubility than smaller 
crystals [63]. Thus, a longer residence time in the precipitation reactor 
results in larger crystal size and precipitation yield. 

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 on the 
heaters was approximately 1 mm thick and brittle which facilitated their 
recovery. As opposed to the Ca(OH)2 crystals collected in the filters, the 
crystals extracted from the surface of the heaters were larger 
(100–200 µm) and more disordered [Fig. 10(d)], and did not contain 
any water [Fig. 9(c)]. Nevertheless, they showed the same degree of 

purity as the crystals obtained from precipitation in solution [Fig. 9(c)]. 
Finally, Ca(OH)2 had also a strong tendency to form scaling on the walls 
of the precipitation reactor and of the downstream pipes. However, the 
mass of this precipitate was not quantified. Such scaling could be 
reduced by using scraped surface crystallizers and by minimizing the 
distance between the precipitation reactor and the solid/liquid separa-
tion system. 

4.5. Energy consumption 

A detailed energy balance analysis of the process was performed 
using Eqs. (2)–(7) and (14). Table 3 summarizes the mass and energy 
balance of each pilot tests. It indicates that the specific pumping power 

Fig. 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 during pilot test 1. 

Table 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  
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consumption decreased when operating at lower pressures. The pump-
ing electricity consumption calculated theoretically was 0.798 kWh/kg 
Ca(OH)2. Table 3 shows that the grinding and mixing energies were as 
important as the energy required for pumping into the RO unit. 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 [64], the mixing energy could be reduced 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 cal-
cium extraction 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 (Fig. 6). Nevertheless, at least 50% of this energy 
could be recovered using a heat exchanger to preheat the retentate so-
lution entering the precipitation reactor based on process integration 
principles [68,69]. A future study should include a detailed discussion of 
the techno-economic feasibility of the scaled-up process and of the CO2 
footprint of the Ca(OH)2 considering energy consumption, capital costs, 
and availability and cost of raw materials and waste heat. 

5. Conclusion 

This study demonstrated the design and continuous operation of a 
pilot system to produce Ca(OH)2 from industrial alkaline wastes as 
feedstock. The process encompasses an integrated set of three unit op-
erations including leaching, RO concentration, and temperature-swing 
precipitation. Water was fully recirculated, making the water con-
sumption of the process virtually zero. Decreasing the slag particle size 
during leaching improved the calcium concentration of the leachate, 
thereby increasing calcium extraction 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 h 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 demonstrated that 
RO is a robust technology to concentrate the slag leachates. 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. An equivalent production rate 
of 1 kg per day was demonstrated during pilot test 1 whereas a contin-
uous 24-hour operation was demonstrated during pilot test 3. In all 
cases, the purity of the Ca(OH)2 exceeded 94%. Finally, process flow 
model and thermodynamic calculations agreed well with experimental 
measurements. Important control parameters have been identified to 
maximize Ca(OH)2 production rate, to minimize energy consumption, 
and/or to control the size of Ca(OH)2 particles. 
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archives-ouvertes.fr/tel-00433513〉. 

[46] W. Lawler, T. Wijaya, A. Antony, G. Leslie, P. Le-Clech, Reuse of reverse osmosis 
desalination membranes, in: IDA World Congress, Perth, Western Australia, 2011. 

[47] Y.S. Oren, P.M. Biesheuvel, Theory of ion and water transport in reverse-osmosis 
membranes, Phys. Rev. Appl. 9 (2018), 024034, https://doi.org/10.1103/ 
PhysRevApplied.9.024034. 

[48] T.L. Bergman, A.S. Lavine, F.P. Incropera, D.P. Dewitt. Fundamentals of Heat and 
Mass Transfer, seventh ed., Wiley & Sons, Hoboken, NJ, 2011. 

[49] D.B. Gingerich, M.S. Mauter, Quantity, quality, and availability of waste heat from 
United States thermal power generation, Environ. Sci. Technol. 49 (2015) 
8297–8306, https://doi.org/10.1021/es5060989. 

[50] C. Shi, J. Qian, High performance cementing materials from industrial slags — a 
review, Resour., Conserv. Recycl. 29 (2000) 195–207, https://doi.org/10.1016/ 
S0921-3449(99)00060-9. 

[51] E. Belhadj, C. Diliberto, A. Lecomte, Characterization and activation of basic 
oxygen furnace slag, Cem. Concr. Compos. 34 (2012) 34–40, https://doi.org/ 
10.1016/j.cemconcomp.2011.08.012. 

[52] J.-M. Gautier, E.H. Oelkers, J. Schott, Are quartz dissolution rates proportional to 
B.E.T. surface areas? Geochim. Et. Cosmochim. Acta 65 (2001) 1059–1070, 
https://doi.org/10.1016/S0016-7037(00)00570-6. 

[53] W.L. Ebert, The effects of the glass surface area/solution volume ratio on glass 
corrosion: A critical review, Argonne National, Lab. Argonne IL (1995), https:// 
doi.org/10.2172/67461. 

[54] E.M.V. Hoek, A.S. Kim, M. Elimelech, Influence of crossflow membrane filter 
geometry and shear rate on colloidal fouling in reverse osmosis and nanofiltration 
separations, Environ. Eng. Sci. 19 (2002) 357–372, https://doi.org/10.1089/ 
109287502320963364. 

[55] X. Zhu, M. Elimelech, Colloidal fouling of reverse osmosis membranes: 
measurements and fouling mechanisms, Environ. Sci. Technol. 31 (1997) 
3654–3662, https://doi.org/10.1021/es970400v. 

[56] D. Klein, Homogeneous nucleation of calcium hydroxide, Talanta 15 (1968) 
229–231, https://doi.org/10.1016/0039-9140(68)80227-9. 

[57] H. Furedi-Milhofer, Spontaneous precipitation from electrolytic solutions, Pure 
Appl. Chem. 53 (1981) 2041–2055, https://doi.org/10.1351/pac198153112041. 

[58] M. Uchymiak, A.R. Bartman, N. Daltrophe, M. Weissman, J. Gilron, P. 
D. Christofides, W.J. Kaiser, Y. Cohen, Brackish water reverse osmosis (BWRO) 
operation in feed flow reversal mode using an ex situ scale observation detector 
(EXSOD), J. Membr. Sci. 341 (2009) 60–66, https://doi.org/10.1016/j. 
memsci.2009.05.039. 

[59] J.R. Ray, W. Wong, Y.-S. Jun, Antiscaling efficacy of CaCO3 and CaSO4 on 
polyethylene glycol (PEG)-modified reverse osmosis membranes in the presence of 
humic acid: interplay of membrane surface properties and water chemistry, Phys. 
Chem. Chem. Phys. 19 (2017) 5647–5657, https://doi.org/10.1039/C6CP08569E. 
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