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ABSTRACT:  This study presents a purpose-built laboratory planetary mixer designed to reproduce indus-
trial lime hydration processes under controlled conditions. The system enables simultaneous control of 
key parameters such as temperature, pressure, water dosage, and mixing dynamics, allowing reproduc-
ible hydration of a wide range of materials, including quicklime, dolomitic lime, natural hydraulic lime, 
and cementitious by-products. Specific hydration protocols were developed to obtain targeted products, 
ranging from standard hydrated limes for construction applications to high-surface-area sorbents for flue 
gas desulfurization. The results demonstrate that hydration conditions strongly control both phase con-
version and porosimetric properties, enabling the production of materials with tailored performance. Two 
alternative technological routes were identified to produce high-BET hydrated limes: excess-water 
hydration, which maximizes surface area but requires post-drying, and additive-assisted hydration, 
which improves phase purity and reduces residual moisture. In addition, pressure-controlled hydration 
promotes MgO conversion and enables the production of high-performance dolomitic sorbents. Overall, 
this study establishes a direct link between process parameters, hydration mechanisms, and product 
performance, providing a practical tool for raw material selection, process optimization, and scale-up to 
industrial hydrator operation.

KEYWORDS: Lime hydration; planetary mixer; quicklime; dolomitic lime; flue gas desulfurization; BET 
surface area; process optimization

CIMPROGETTI

A novel laboratory planetary mixer is introduced as a controlled platform for the hydration of burnt limes 

and cementitious by-products. Tailored protocols enable precise tuning of reactivity, surface area, and 

phase composition. Results demonstrate improved process control and scalability, linking laboratory 

performance to industrial hydrator design and supporting optimized material valorization.
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1 Introduction

Lime hydration is a fundamental process in the 
production of calcium and magnesium hydrox-
ides, widely used in construction materials, envi-
ronmental applications, and industrial processes 
such as flue gas desulfurization and wastewa-
ter treatment [1–3]. The hydration behaviour of 
burnt limes is controlled by both intrinsic mate-
rial properties—such as chemical composition, 
mineralogy, porosity, and reactivity—and process 
parameters including water dosage, tempera-
ture evolution, pressure conditions, and mixing 
dynamics. These factors directly influence phase 
conversion, as well as the development of key 
technological properties such as BET specific sur-
face area, pore structure, and product stability.

Burnt limes are produced by calcination of 
carbonate raw materials using different kiln 
technologies, including rotary kilns and paral-
lel flow regenerative (PFR) kilns, also known as 
twin-shaft regenerative (TSR) kilns. Among these 
technologies, PFR kilns are currently considered 
the most efficient systems for producing highly 
reactive quicklime with low specific energy con-
sumption and reduced environmental impact 
[4–10]. Depending on the raw material and burn-
ing conditions, quicklime and dolomitic lime may 
exhibit significant variability in chemical compo-
sition, mineralogy, porosity and slaking reactiv-
ity, which in turn affects hydration behaviour and 
final product performance [1–3].

In industrial practice, hydration is carried out in 
multi-stage hydrators designed to produce a wide 
range of products, from standard hydrated limes 
for construction applications to high-performance  
sorbents for environmental uses [1, 2, 11, 12]. 
The process complexity is further increased by 
the growing use of heterogeneous materials such 
as dolomitic limes, natural hydraulic limes, and 
supplementary cementitious materials (SCM) 
by-products, including fly ash and bottom ash, 
which are increasingly exploited within circular 
economy strategies [3, 13–17]. These materi-
als introduce additional variability in hydration 
kinetics and phase evolution, making process 
control and optimization more challenging.

Despite the widespread industrial use of lime 
hydrators, laboratory-scale systems capable of 
reproducing the key thermodynamic and kinetic 
conditions of industrial hydrators remain limited. 
Conventional laboratory systems, such as Dewar 
flasks and stirred reactors, do not allow simul-
taneous control of temperature, pressure, water 
dosage and mixing dynamics. As a result, they 
fail to accurately simulate industrial operating 
conditions, limiting their applicability for process 
optimization, raw material screening, and predic-
tion of product performance.

To overcome these limitations, a purpose-built 
fully integrated planetary mixer was developed at 
Cimprogetti’s technological laboratories to sim-
ulate industrial lime hydration conditions under 

controlled laboratory-scale conditions. The system 
enables precise control of temperature, pressure, 
water dosage, and mixing parameters, allowing 
reproducible and process-oriented hydration test-
ing across a wide range of materials.

The present study aims to evaluate the perfor-
mance of this system through controlled hydra-
tion experiments on quicklime, dolomitic lime, 
natural hydraulic lime, and SCM by-products. 
Specific hydration protocols were developed to 
achieve targeted product properties for both con-
struction and environmental applications. The 
resulting materials were characterized in terms 
of phase composition by X-ray diffraction (XRD) 
with Rietveld refinement [18–20] and porosimet-
ric properties (BET surface area, pore volume, and 
pore size distribution) [21, 22], with the objective 
of establishing a direct link between process con-
ditions, hydration mechanisms, and final product 
performance.

To the authors’ knowledge, this study rep-
resents a novel approach to reproduce industrial 
lime hydration conditions at laboratory scale by 
simultaneously controlling pressure, tempera-
ture, water dosage and mixing dynamics using a  
purpose-built planetary mixer.

2 The purpose-built fully integrated planetary 
mixer

To reproduce industrial hydration conditions 
under controlled laboratory-scale environments, 
a purpose-built fully integrated planetary mixer 
was developed. This novel mixer (Figure 1) con-
sists of several sets of integrated mechanical and 
thermal control components. Its main components 
include an electric control panel, a vacuum pump, 
mixing shafts with blades, and 3 kW heating 
elements for temperature control. Temperature 
control is ensured by a platinum probe (PT100) 
strategically positioned at the tank’s base. Mean-
while, the heating elements can be finely tuned 
to maintain temperature. Pressure management is 
controlled via an inlet connected to a compres-
sor, allowing for adjustments up to a maximum 
of 2500 mbar-g. The system maintains constant 
pressure during operation. Compressed air is used 
to regulate pressure and remove excess vapors 
after water addition. The introduction of demin-
eralized water, facilitated through the hopper, 
can occur either during system operation under 
standard ambient conditions or subsequent to 
depressurization by the vacuum pump. Vacuum 
operation enables controlled water transfer from 
the hopper to the tank and supports steam reten-
tion during dolomitic lime hydration. This process 
is fundamental in sustaining the crucial reac-
tion steam necessary for the hydration of dolo-
mitic limestone. At its core, the mixer comprises 
a cylindrical tank with a capacity of 5 L and a 
diameter of 200 mm (hydration chamber in Figure 
1b). Mixing is accomplished through the dynamic 
interaction of two blades performing a controlled 
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motion along the tank’s perimeter while rotat-
ing around their axis. This mixing configuration 
ensures uniform material distribution within the 
tank volume. Additionally, the incorporation of 
a side scraping paddle enhances efficiency by 
retrieving any material adhering to the walls, 
ensuring an efficient and uniform mixing pro-
cess. The combination of controlled temperature, 
pressure and mixing conditions makes the system 
suitable for simulating key operating parameters 
of industrial lime hydrators at laboratory scale.

3 Tests and methods

3.1 Materials supply and source
The experimental design was developed to repro-
duce representative industrial hydration conditions 
under controlled laboratory conditions. Five burnt 
limes and two SCM by-products were supplied by 
different international producers in the typical 
particle size fractions used in industrial hydration 

plants. The investigated materials comprise: 1) 
a quicklime from Storugns, Sweden (NRK); 2) a 
high-calcium lime, slowly reactive, from Missouri, 
USA (MLC); 3) and 4) two dolomitic limes from 
Cuneo, Italy (UNI and BER); 5) a natural hydraulic 
lime from Dordogne, France (CSA); 6) a fly ash 
from a power plant in New Jersey, USA (FWFA), 
and, finally, 7) a bottom ash from New Jersey, USA 
(FWBA). Samples codes, provenance, and particle 
size distribution (PSD) are reported in Table 1.

3.2 Physicochemical tests and slaking reactivity
The available lime index (ALI) was used as a key 
parameter to assess hydration potential and pro-
cess behaviour and was determined using the 
sugar method [23]. Slaking reactivity was deter-
mined according to the European standard for 
building limes [24]. Moisture content after hydra-
tion was determined by a moisture analyzer, while 
real or absolute density was determined using a 
gas pycnometer.

Table 1  Samples codification, provenance, declared particle size, and type. Acronyms legend: PSD = particle size distri-
bution; NHL = Natural Hydraulic Lime

No. Name Code Year Provenance PSD Type

1 NRK 3973 2023 Storugns, Sweden 0–10 mm Quicklime

2 MLC 3954 2023 Missouri, USA 0–8 mm Quicklime

3 UNI 3892 2023 Cuneo, Italy 0–10 mm Dololime

4 BER ND 2023 Cuneo, Italy 0–2 mm Dololime

5 CSA 3808 2022 Dordogne, France 0–4 mm NHL

6 FWFA 2246 2015 New Jersey, USA 0–2 mm Fly Ash

7 FWBA 2288 2016 New Jersey, USA 0–2 mm Bottom Ash

Figure 1  Experimental setup of the laboratory planetary mixer: (a) general view of the mixer and its main components, 
including water dosing system, control panel, and 5 L tank; (b) internal view of the tank showing the mixer chamber, air 
inlet, and pressure/vacuum connections; (c) mixing system, including shafts, blades, and side scraping paddle; (d) control 
panel interface 
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3.3 Hydration tests in the planetary mixer
Dry hydration tests were performed using the 
new fully integrated planetary mixer (Figure 1). 
The process parameters were adjusted according 
to the type of raw material to optimize product 
performance. The main variables included water 
dosage, initial and operating temperature, pres-
sure conditions (static, fluxing, or compressed 
air), and mixing parameters (paddle speed and 
rotation time). These parameters directly control 
hydration behaviour in terms of phase develop-
ment and BET surface area. The selected operat-
ing ranges and testing approach (Table 2) were 
designed to reproduce typical industrial hydra-
tor operating conditions, enabling a direct pro-
cess-oriented interpretation of the results.

3.4 X-ray powder diffraction and nitrogen gas 
adsorption analyses
The X-ray diffraction (XRD) analysis was per-
formed for phase identification and quantification 
using the Rietveld method [18, 19] through Profex 
software [20]. Nitrogen adsorption was used to 
determine BET surface area and pore structure, 
including pore-volume (PV) and pore-size (PS) 
distributions [21, 22].

4 Results

4.1 High calcium limes or quicklimes
Two high-calcium quicklimes (NRK and MLC) 
were hydrated using the new planetary mixer. The 
sample NRK was found to be moderately reactive 

(i.e., ΔT 40 or t60 = 3.3 min; Tmax = 69.8°C). 
Conversely, the sample MLC was slowly reactive 
(i.e., ΔT 40 or t60 = 36.6 min, Tmax = 62.5°C), 
although ALI values are similar in both samples 
(≈85 wt%) (refer to Table 3 and Figure 2a,b). 
QPA results indicate that both samples are dom-
inated by lime (CaO: 85.7–92.3 wt%), with only 
minor secondary phases and traces of portlandite 
related to slight pre-hydration (see Table 4, and  
Figure 3a–c).

Two standard hydration recipes were defined 
for construction-grade hydrated lime: one for 
moderately reactive quicklime (NRK-1; W/L = 
0.83) and one for slowly reactive quicklime (MLC-
1; W/L = 1.0). The higher water dosage adopted 
for MLC-1 was necessary to achieve full hydra-
tion of the less reactive lime.

Two additional recipes were developed to pro-
duce high-BET hydrated lime for FGD applica-
tions: one based on water excess (NRK-2; W/L = 
1.33), resulting in a wet product requiring dry-
ing, and one based on stoichiometric hydration 
with TEA additive (NRK-3; W/L = 0.69; TEA = 
0.8 wt%), aimed at enhancing surface area under 
drier conditions (Table 5).

The following process parameters were kept 
constant across all recipes for quicklime: 20 min 
of reaction time, 25°C of water temperature, 
ambient operative pressure, and 200 rpm as pad-
dle speed.

Subsequently, hydrated lime samples (NRK-
1, NRK-2, NRK-3, and MLC-1) were analysed 
by XRD. The quantitative phase analysis (QPA) 

Table 3  Available lime index (ALI) and slaking reactivity on burnt limes and SCM by-products

Sample ► 
Parameter▼

Unit NRK MLC UNI BER CSA FWFA FWBA

ALI % 85.2 85.9 54.8 56.1 24.2 18.1 33.0

ΔT 40°C or t60 min 3.3 36.5 – – – – –

ΔT 30°C or t50 min – – 2.50 0.47 – – –

Tmax °C 69.8 62.5 50.3 55.5 29.4 28.2 38.1

ΔT max °C 49.8 42.5 30.3 35.5 9.4 8.2 18.1

Table 2  Planetary mixer process parameters

No. Parameter Operative range

1 Lime quantity 180–250 g

2 Water quantity 37–240 g

3 Lime to water ratio 0.8–5.4

4 Water temperature 20–95°C

5 Starting Temperature 20–80°C

6 Operative Temperature 80–120°C

7 Starting Pressure 1013 mbar-g

8 Operative Pressure −400–2500 mbar-g

9 Paddle speed 0–200 rpm

10 Paddle rotation time 20–40 min

11 Air flux Static, vacuum, compressed
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revealed the extent of oxide-hydroxide conver-
sion, thereby providing an indicator of product 
quality (Table 6; Figure 3b–c).

QPA of the hydrated products confirmed 
near-complete conversion of CaO to portlandite, 
which became the dominant phase in all samples 
(90.5–96.5 wt%). Minor calcite is mainly related 
to recarbonation, while residual lime and other 
secondary phases remained negligible. Porosim-
etric analyses showed clear differences among 
the hydration recipes (Table 7; Figures 4 and 5). 
BET surface area ranged from 20.8 m2/g (MLC-
1) to 35.4 m2/g (NRK-2). Pore volume ranged 
from 0.075 cm3/g (NRK-3) to 0.173 cm3/g (NRK-
2), while pore diameter varied between 7.5 and  
16.2 nm. Real density remained within a narrow 
range (2.21–2.29 g/cm3). These results indicate 

that hydration conditions influence both phase 
conversion and porosimetric properties.

4.2 Magnesium-rich lime or dololime
Two dolomitic limes (UNI and BER) with differ-
ent reactivity were hydrated using the planetary 
mixer. UNI showed moderate reactivity (t50 =  
2.5 min; Tmax = 50.3°C), whereas BER was highly 
reactive (t50 = 0.5 min; Tmax = 55.5°C), with 
comparable available lime index values (ALI ≈  
55 wt%; Table 3; Figure 2a,b).

A pressure-controlled hydration protocol was 
applied to promote the formation of double-hydrated 
dolomitic lime. The selected conditions included a 
water-to-lime ratio between 0.68 and 1.0, elevated 
temperature (90–100°C), and controlled pressure 
evolution up to ~2100 mbar-g (Table 5).

Table 4  Quantitative phase analysis (QPA) by the Rietveld method on burnt limes and SCM by-products. Acronyms 
legend: Tr = traces (<0.2 wt%)

Sample ►
Phase▼

Unit NRK MLC UNI BER CSA FWFA FWBA

Lime wt% 92.3 85.7 42.1 55.4 23.1 12.8 40.3

Periclase wt% 0.7 1.1 39.6 42.7 1.1 1.2 1.1

Larnite wt% 3.4 2.3 – – 24.5 3.0 –

Hatrurite wt% – – – – 7.5 – –

Mayenite wt% – – – – 0.5 – –

Brownmillerite wt% 1.6 0.5 – – 1.0 3.1 –

Bredigite wt% – – – 4.0 – –

Calcite wt% 2.0 6.1 11.1 – 31.8 1.1 1.3

Magnesite wt% – – – – – 1.6 –

Anhydrite wt% – – – – – 51.0 45.6

Graphite wt% – – – – – 2.0 1.3

Quartz wt% – – – – 3.0 4.2 3.9

Tridymite wt% – – – – 0.8 – –

Cristobalite wt% – – – – 0.7 – –

K-feldspar wt% – – – – 0.3 – 0.8

Albite wt% – – – – 0.6 3.8 –

Diopside wt% – – – – – 3.2 –

Forsterite wt% – – – – – 1.0 –

Portlandite wt% Tr 4.3 7.3 1.9 5.5 – 5.7

Spurrite wt% – – – – 6.2 – –

Hematite wt% – – – – – 1.7 –

Figure 2  Slaking reactivity plots. The variation in testing duration reflects the different hydration kinetics of the investi-
gated samples, whereas the final reaction temperature is primarily governed by their free CaO content 
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Figure 3  XRD patterns of burnt and hydrated samples: (a–c) quicklimes (NRK, MLC), (d, e) dolomitic limes (UNI, BER), and 
(f–h) NHL and SCM by-products (CSA, FWFA, FWBA), showing phase evolution from oxides (CaO, MgO) to hydroxides 
(portlandite, brucite) after hydration 

Table 5  Recipes for the hydration tests with the new planetary mixer on burnt limes and SCM by-products. Acronyms legend: CBM = construction and 
building materials; FGD = flue gas desulfurization

Sample ► 
Phase▼

Unit NRK-1 NRK-2 NRK-3 MLC-1 UNI-1 BER-1 CSA-1 FWFA-1 FWBA-1

Application – CBM FGD FGD CBM CBM FGD CBM CBM CBM

Lime (L) weight g 180 180 180 180 250 180 200 200 200

Water (W) weight g 150 240 125 180 170 180 37 100 110

TEA additive g – – 2.34 – – – – – –

W/L ratio – 0.83 1.33 0.69 1.00 0.68 1.00 0.19 0.50 0.55

Reaction time Min 20 20 20 20 40 40 20 20 20

Water T °C 25 25 25 25 70 70 95 70 85

Starting T °C 25 60 25 25 70 70 95 70 85

Operative T °C 80–90 80–90 70–80 80–85 90–100 90–100 95–105 80–100 90–95

Starting P mbar-g 0 0 0 0 −400 −400 −400 −400 −400

Operative P mbar-g 0 0 0 0 +1.500/+2.100 +400+1200 +1000 0–500 0–600

Paddle speed Rpm 200 200 200 200 200 200 200 200 200

Air flux – On On On On Off-inlet Off- inlet Off-inlet Off Off
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Table 6  Quantitative phase analysis (QPA-XRD) by the Rietveld method on hydrated limes and SCM by-products. Acro-
nym legend: Tr = traces (<0.2 wt%)

Sample ►  
Phase ▼

Unit NRK-1 NRK-2 NRK-3 MLC-1 UNI-1 BER-1 CSA-1 FWFA-1 FWBA-1

Portlandite wt% 91.5 90.5 96.5 93.5 43.0 51.3 20.5 26.7 46.7

Brucite wt% – – – 40.5 47.5 Tr Tr

Lime wt% 0.2 Tr Tr 0.8 Tr – 0.7 1.4 Tr

Periclase wt% 0.5 0.4 0.4 Tr 5.0 0.8 Tr 0.5 0.2

Calcite wt% 6.4 7.6 3.1 4.7 11.5 0.4 31.8 1.9 2.1

Magnesite wt% – – – – – – – 2.1 –

Spurrite wt% – – – – – – 4.5 – –

Anhydrite wt% – – – – – – 46.0 44.5

Graphite wt% – – – – – – – 2.6 1.1

Quartz wt% – – – – – – 3.7 4.8 3.9

Cristobalite wt% – – – – – – 1.5 – –

Tridymite wt% – – – – – – 1.0 – –

Table 7  Physical and porosimetric properties of hydrated limes and SCM by-products. Acronyms legend: BET SSA = BET 
specific surface area

Sample ► 
Phase ▼

Unit NRK-1 NRK-2 NRK-3 MLC-1 UNI-1 BER-1 CSA-1 FWFA-1 FWBA-1

Moisture wt% 0.2 14.3 1.2 2.1 17.6 19.8 0.4 6.4 1.5

Real Density g/cm3 2.29 2.29 2.21 2.24 2.37 2.31 2.66 2.65 2.53

BET SSA m2/g 26.9 35.4 33.1 20.8 24.0 31.9 4.34 4.84 8.31

Pore volume cm³/g 0.1400 0.1730 0.0750 0.1207 0.1715 0.2148 0.0244 0.0253 0.0565

Pore Size nm 15.9 14.6 7.5 16.2 26.3 26.5 20.1 20.3 21.8

Figure 4  Nitrogen adsorption–desorption isotherms and BET plots of selected hydrated samples (NRK-1, NRK-2, NRK-3, 
MLC-1, UNI-1, BER-1, CSA-1, FWFA-1 and FWBA-1), illustrating differences in surface area development as a function of 
hydration route and raw material type 
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Hydration resulted in significant conversion 
of both CaO and MgO into portlandite (43.0– 
51.3 wt%) and brucite (40.5–47.5 wt%), confirm-
ing the effectiveness of pressure-assisted condi-
tions in promoting MgO hydration (Table 6; Figure 
3d,e). Porosimetric properties showed significant 
differences between the two samples. BER-1 
exhibited higher BET surface area (~32 m2/g)  
and pore volume (~0.21 cm3/g), whereas UNI-1 
showed lower values (~24 m2/g and ~0.17 cm3/g, 
respectively; Table 7, and Figures 4 and 5).

These results highlight that the combined influ-
ence of intrinsic material properties (e.g., reactiv-
ity and grain size) and process conditions plays a 
key role in controlling hydration efficiency and 
sorbent performance of dolomitic limes.

4.3 Natural hydraulic lime
The natural hydraulic lime sample (CSA) showed 
very low reactivity (i.e., ΔTmax 9.3°C; ALI value 
is 24.2 wt%; Table 3 and Figure 2a), reflecting 
its limited content of free CaO. A specific hydra-
tion protocol was therefore adopted, using a low 
water-to-lime ratio (W/L = 0.19) and elevated 

temperature conditions (95°C), combined with 
controlled pressure (see Table 5).

Hydration resulted in only partial conversion to 
portlandite (~20 wt%), while the product retained 
a complex mineralogical composition domi-
nated by calcite and silicate phases (Table 6 and  
Figure 3f). Porosimetric analysis confirmed low BET 
surface area (~4 m2/g) and relatively high density 
(2.66 g/cm³), consistent with the hydraulic nature 
of the material (Table 7 and Figures 4 and 5).

These results indicate that NHL behaves as a 
low-reactivity system under the tested conditions 
and may require more aggressive process condi-
tions to enhance hydration efficiency.

4.4 Supplementary cementitious materials (SCM 
by-products)
The present study focuses on the hydration of 
CaO-bearing phases in SCM by-products rather 
than on their cementitious reactivity. This 
approach evaluates their behaviour as lime-based 
reactive systems rather than conventional pozzo-
lanic materials. Both fly (FWFA) and bottom ash 
(FWBA) exhibited very low hydration reactivity 

Figure 5  BJH pore size distribution curves of hydrated samples, showing the effect of hydration route and material type 
on pore structure and mesoporosity development 
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(ΔTmax = 8.2–18.1°C; ALI = 18.1–33.0 wt%; 
Table 3 and Figure 2b), reflecting their limited 
content of free CaO.

A specific hydration protocol was applied using 
high water-to-lime ratios (W/L = 5.0–5.5), ele-
vated temperatures (70–85°C), and controlled 
pressure conditions (Table 5).

Hydration led to partial conversion of 
CaO-bearing phases into portlandite (26.7– 
46.7 wt%), while the overall mineralogical com-
position remained dominated by anhydrite and 
other low-reactivity phases (Table 6; Figure 3g,h). 
Porosimetric properties were limited, with low 
BET surface area values (4.8–8.3 m2/g) and rel-
atively high densities (2.53–2.65 g/cm³), indi-
cating restricted development of reactive surface  
(Table 7; Figures 4 and 5).

These results indicate that SCM by-products 
behave as partially reactive systems under the 
tested conditions and cannot be treated as fully 
hydrable materials, in contrast to conventional 
limes.

5 Discussion

5.1 Applications for green construction materials
Dry hydrated limes and hydrated SCM by- 
products intended for construction applications 
were produced using standard hydration protocols 
in the planetary mixer. These included moderately 
reactive quicklime (NRK-1), slowly reactive quick-
lime (MLC-1), natural hydraulic lime (CSA-1), 
and hydrated fly and bottom ashes (FWFA-1 and 
FWBA-1). The selected water-to-lime ratios were 
adjusted according to the free lime availability of 
each raw material. Standard quicklimes required 
W/L values between 0.83 and 1.0, whereas  
lower-ALI materials such as NHL and SCM 
by-products required adapted hydration con-
ditions. This confirms that hydration behaviour 
is primarily controlled by available lime index 
(ALI) and slaking kinetics. Highly reactive limes 
undergo rapid conversion to portlandite under 
standard conditions, whereas low-reactivity mate-
rials require more demanding process parameters.

XRD-QPA data support this interpretation by 
documenting the conversion of CaO into port-
landite after hydration (Tables 4–6, Figures 3a–c  
and 6).

For construction applications, complete or 
near-complete CaO conversion is essential to 
minimize the risk of delayed expansion in mor-
tars, fillers, and pre-mixed cementitious products. 
The applied hydration protocols reduced residual 
CaO in quicklimes and promoted portlandite for-
mation in NHL and SCM by-products, although 
to a lesser extent in the latter. This confirms that 
the planetary mixer can be used not only for 
conventional lime hydration, but also for screen-
ing partially reactive industrial by-products for  
construction-oriented reuse.

From a practical perspective, the preserva-
tion of raw material freshness prior hydration 

is critical. Pre-hydration and storage alteration 
reduce both conversion efficiency and porosi-
metric development. Burnt lime and reactive 
by-products should therefore be stored under 
dry conditions and hydrated as close as possible 
to production. This aspect becomes particularly 
important when high-surface-area products are 
targeted.

Slowly reactive aerial limes such as MLC 
require specific operational adjustments, includ-
ing higher water dosage and, potentially, longer 
residence time. From an industrial perspective, 
a short maturation stage in silo remains advis-
able to complete hydration and stabilize the final 
product, especially when residual moisture is kept 
within the typical 2–5 wt% range. This approach 
supports the valorization of low-reactive indus-
trial by-products within a circular economy 
framework. Controlled hydration testing there-
fore represents a practical tool for raw material 
selection and process optimization in construction 
applications.

5.2 Applications for acid abatement and flue gas 
desulfurization
5.2.1 High-BET hydration of quicklime: process 
routes
High-BET hydrated limes for acid abatement and 
flue gas desulfurization were produced through 
two main quicklime-based routes: excess- 
water hydration (NRK-2) and additive-assisted 
hydration (NRK-3). A third route, based on 
pressure-controlled hydration of dolomitic lime 
(UNI-1 and BER-1) is discussed separately in  
Section 5.2.3.

The conventional route for producing high-BET 
hydrated limes is based on water excess condi-
tions (W/L ≈ 1.3), as applied in sample NRK-2. 
Under these conditions, quicklime is dispersed in 
a fluid phase, resulting in the highest BET surface 
area of the study (35.4 m2/g), together with high 
pore volume. The main drawback of this approach 
is the formation of a wet slurry that requires 
post-drying, with partial recarbonation of port-
landite to calcite during this step. This behaviour 
is consistent with slurry-based patented processes 
reported in the literature [25], in which enhanced 
dispersion promotes porosity development. By 
contrast, pressure-controlled hydration follows a 
fundamentally different process route, with dis-
tinct implications for MgO conversion and sorbent 
performance.

An alternative approach is based on stoichio-
metric hydration combined with the addition of a 
dispersing additive such as triethanolamine (TEA), 
as applied in sample NRK-3. This method pro-
duces a highly reactive hydrated lime with high 
BET surface area, while maintaining low residual 
moisture and avoiding the need for post-drying. 
Compared with NRK-2, additive-assisted hydra-
tion results in slightly lower BET surface area 
but higher portlandite purity and lower residual 
moisture content.
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Two main approaches were identified for 
producing high-surface-area hydrated limes: 
excess-water hydration, which maximizes surface 
area but requires post-drying and may induce 
recarbonation, and additive-assisted hydration, 
which yields slightly lower surface area but higher 
portlandite purity and reduced residual moisture. 
Together, these approaches highlight a trade-off 
between porosity development and product sta-
bility depending on the targeted application.

5.2.2 Relationship between hydration extent and 
BET surface area
To further investigate the relationship between 
hydration extent and porosity development, BET 
specific surface area was plotted as a function 
of the total content of hydrated phases (port-
landite + brucite) (Figure 7). The resulting 
trend is distinctly non-linear and characterized 
by clear threshold behaviour. At low contents 
of hydrated phases, corresponding mainly to 
NHL and SCM-derived materials, BET surface 
area remains limited (<10 m2/g). Conversely, 
once a critical amount of hydrated phases is 
reached, a sharp increase in BET surface area 
is observed, followed by a plateau region (≈20– 
35 m2/g), where values remain high despite further 

increases in hydration extent. This behaviour 
indicates that the formation of hydrated phases 
is a necessary condition for porosity develop-
ment but does not directly control its magni-
tude beyond a critical threshold. Once sufficient 
portlandite and/or brucite has formed, the final 
surface area is primarily governed by process- 
related factors, including water availability, dis-
persion efficiency, and hydration kinetics. This 
interpretation helps explain why samples with 
comparable degrees of hydration, such as NRK-2 
and NRK-3, exhibit significantly different BET 
surface areas, and why SCM-based materials, 
despite partial hydration, fail to develop signif-
icant porosity due to their limited initial CaO 
content.

Overall, the development of surface area in 
hydrated lime systems can be described as a 
general two-step mechanism: (i) a composition- 
controlled stage, in which the availability of reac-
tive oxides enables the formation of hydrated 
phases, and (ii) a process-controlled stage, gov-
erned by the hydration pathway and microstruc-
tural evolution. This interpretation highlights that 
achieving high BET surface area requires not only 
sufficient hydration, but also careful control of 
process conditions.

Figure 6  Relationship 
between available lime 
index (ALI) and lime 
content determined by 
XRD-QPA 

Figure 7  BET specific surface 
area vs. total hydrated phases 
(portlandite + brucite), 
showing a non-linear 
threshold behaviour with a 
sharp increase followed by a 
plateau region 
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5.2.3 Pressure-controlled hydration of dolomitic 
lime
A third approach involves the hydration of dolo-
mitic limes under pressure-controlled conditions 
[26] (UNI-1 and BER-1). The process follows a 
two-step mechanism, with rapid hydration of CaO 
followed by pressure-assisted hydration of peri-
clase to brucite. Maintaining elevated temperature 
and controlled pressure is therefore essential to 
promote MgO hydration, as also highlighted in 
patented pressure-controlled processes [27].

Under these conditions, double-hydrated dolo-
mitic limes with high BET surface area can be 
obtained. The BER-1 sample exhibited the best 
performance, combining high surface area, high 
pore volume, and nearly complete MgO conver-
sion, making it suitable for FGD applications. By 
contrast, UNI-1 showed lower porosimetric devel-
opment and residual periclase, making it less suit-
able for high-performance sorbent applications, 
although still compatible with less demanding 
construction uses.

The lower performance of UNI-1 is likely 
related to material-related factors, including pre- 
hydration, the presence of unburnt calcite, reduced 
reactivity due to over-burning, and coarser par-
ticle size. Although additional work is required 
to quantify the relative contribution of these 
factors, the results demonstrate that pressure- 
controlled hydration can produce dolomitic sor-
bents with performances comparable to those of 
calcitic hydrated limes. These results confirm that 
pressure-controlled hydration represents a fun-
damentally different process route compared to 
slurry-based systems, with distinct implications 
for MgO conversion and sorbent performance.

Table 8 summarizes the main hydration routes 
investigated and highlights the critical factors 
affecting product quality for each application. 
From an industrial perspective, the results show 
that controlled laboratory hydration can sup-
port raw material screening, operating window 
selection, and prediction of product performance 
before full-scale production. In this sense, the 
planetary mixer represents a practical tool for 
reducing scale-up risk and improving industrial 
process design.

6 Conclusions

The main findings of this study can be summa-
rized as follows:

1.	 Validation of the experimental system. The pur-
pose-built fully integrated planetary mixer 
proved to be an effective tool for simulating 
industrial lime hydration under controlled lab-
oratory-scale conditions, enabling precise con-
trol of temperature, pressure, water dosage, 
and mixing dynamics.

2.	 Role of raw materials and process parameters. 
Hydration behaviour is primarily controlled by 
raw material properties, particularly available 
lime content (ALI) and reactivity, as well as by 
process parameters. Their combined effect gov-
erns phase conversion and the development of 
porosimetric properties.

3.	 Performance of SCM by-products in hydration 
processes. The hydration of SCM by-products 
demonstrated their potential reuse as partially 
reactive systems in construction materials, 
supporting circular economy strategies, 

Table 8  Summary of the hydration routes investigated, final applications, and critical factors affecting product quality. Acronyms: BET SSA = BET 
specific surface area; CBM = Construction and building materials; FGD = Flue gas desulphurization

No. Hydration recipe Sample Applica-
tion

Pre-
hydration

Unburnt 
calcite

Recar-
bonation 
during 
drying

Cost of 
TEA

Feeding 
grain size

Silo mat-
uration

1 Standard BET SSA hydration for moder-
ately reactive quicklime

NRK-1 CBM – – – – – –

2 Standard BET SSA hydration for slowly 
reactive quicklime

MLC-1 CBM X – – – X X

3 Standard BET SSA hydration for natural 
hydraulic lime

CSA-1 CBM X X – – – X

4a Standard BET SSA hydration for Fly ash FWFA-1 CBM – – – – – –

4b Standard BET SSA hydration for Bottom 
ash

FWBA-1 CBM X – – – – –

5 High BET SSA hydration for quicklime 
with water excess

NRK-2 FGD – – X – – X

6 High BET SSA hydration for quicklime 
with TEA additive

NRK-3 FGD – – – X – –

7a High BET SSA hydration for dololime 
under pressure

BER-1 FGD – – – – – –

7b Standard BET SSA hydration for dololime 
under pressure

UNI-1 CBM X X – – X –
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although their limited CaO content restricts full 
hydration and porosity development.

4.	 Mechanism of BET surface area development. 
The evolution of BET surface area follows a 
two-step mechanism: (i) a composition- 
controlled stage related to the availability of 
reactive oxides, and (ii) a process-controlled 
stage governed by hydration conditions and 
microstructural development.

5.	 Technological routes for high-BET hydrated 
limes. Two main approaches were identified for 
producing high-surface area hydrated limes:

•	 excess-water hydration, which maximizes 
surface area but requires post-drying and 
may induce recarbonation.

•	 Additive-assisted hydration, which yields 
slightly lower surface area but higher 
portlandite purity and reduced residual 
moisture.

These approaches highlight a trade-off between 
porosity development and product stability 
depending on the targeted application.

6.	 Pressure-controlled hydration of dolomitic limes. 
Pressure-assisted hydration enables efficient 
MgO conversion to brucite allowing the pro-
duction of high-performance dolomitic sor-
bents with properties comparable to those of 
calcitic hydrated limes.

7.	 Industrial implications. The proposed approach 
establishes a direct link between laboratory 
testing and industrial hydrator operation, sup-
porting raw material screening and reducing 
scale-up risks. It provides a robust framework 
for bridging laboratory-scale experimentation 
and industrial hydrator design, with direct 
implications for process optimization and 
material valorization.
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