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1. Introduction: 

Due to its versatility, adequate mechanical strength and 

low cost, concrete is the most widely used building material 

worldwide. However, the production of cement, the major 

constituent of concrete, is associated to the emission of high 

amount of gases related to the greenhouse effect. In face of 

new environmental requirements, the cement industry has 

set as a priority to reduce the level of emissions. A very 

promising solution, and current research target, consists in 

the production of recycled cement from residues of cement-

based materials, based on the possibility of reversing the 

reactions that lead to the formation of hydration products in 

the hardened cement matrix. The basic principle is to 

produce "100 % recycled" and "100 % circular economy" 

cement products for the first time. 

In the described context, the main objective of the 

current work is to analyse the influence of treatment 

temperature on the characteristics of thermally recycled 

cement (CR) and the pastes produced with it (PR). In a first 

phase, pastes of Portland cement (CPN) representative of 

sufficiently hydrated cement matrices were produced. 

Subsequently, the hardened pastes were milled and 

thermoactivated at different temperatures. Thus, based on 

extensive experimental work, CR were produced and 

characterized by heating the CPN powders (CRNT) at 

temperatures between 400 and 900 ºC. These new CR were 

later incorporated into pastes that were characterized in the 

fresh state (workability, setting time, water requirement and 

calorimetry) and hardened state (mechanical strength and 

microstructure). Morphological characterization involved 

Thermogravimetry (TG), X-ray Diffraction (DRX) and 

Nuclear Magnetic Resonance (RMN) tests. The 

microstructural characterization involved the analysis of 

Scanning Electron Microscopy (MEV) and Mercury Intrusion 

Porosimetry (PIM).  

2. Materials and experimental methodology 

2.1. Preparat ion of CR 

The starting cement paste samples were prepared by 

mixing the ordinary Portland cement (CPN) with water, using 

a water/cement ratio of 0.55. A CEM I 42.5 R cement from 

SECIL was used in this work, and its physical, chemical and 

mechanical properties are listed in Table 1. All samples were 

submitted to the same fog-spraying curing regime at 20 ºC 

and 95 % relative humidity for 90 days. 

Table 1 - Properties of the used starting cement (according to 

producer). 

Parameter CEM I 42.5 R 

Density (g/cm3) 3.07 

Blaine specific surface (cm2/g) 4437 

Residue on 45 μm sieve (%) 6.80 

Compressive strength of 

reference mortar (MPa) 

1 day 16.80 

2 days 28.80 

7 days 43.60 

28 

days 
57.00 

Expansion (mm) 1.00 

SiO2 + Al2O 3+ Fe2O3 (%) 19.64+5.34+3.05 

CaO + MgO (%) 62.80+1.80 

Free CaO + MgO (%) 0.7+0.9 

Setting time (min) 
initial 170 

final 280 

 

After the curing period, the hardened original samples 

were crushed in three different crushers, than dried at 90 ºC 

in the furnace for at least 7 hours. Then, the crushed material 

was grinded with a ball mill for 2.5 hours. Finally, the 

powders passing the sieve with the grid size of 250 μm were 

collected.  

The process of thermal activation was carried out by 

submitting the sieved powder fines (< 250 μm) of the 

hardened original paste to a controlled heating regime up to 

each selected temperature: 400, 450, 500, 600, 650, 700, 

750, 800 and 900 ºC. The heating process was conducted in 

a rotation furnace (Termolab); samples heated at 10 ºC/min, 

starting from room temperature. When the selected 

temperature was reached, the powders were kept in the 

furnace for 3 hours then cooled down to 100 ºC. The 

obtained powder (CR), was sealed and stored in plastic bags 

until further tests. 

2.2. Paste product ion  

The CPN and CR pastes were produced according the 

required water for standard consistency. An additional CPN 

paste was produced with the same w/c ratio of the CR paste 

pre-heated at 650-700 ºC. CPN and CR pastes have 

different behaviour when mixed with water, so while CPN 

pastes were produced according NP EN 196-3, CR pastes 

were produced with the following procedure: 
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1. Addition of half the water and a small fraction of 

CR, maintain low speed while adding CR until the paste 

reached plastic workability; 

2. Mix at high speed for 90 seconds, stop to scrape 

the edges of the blender and swap to slow speed again; 

3. Addition of a small fraction of water followed by a 

small fraction of the CR, keeping the paste fluid; 

4. Repeat the previous step until all the water was 

added and then performed the required water of standard 

consistency test. If the test failed (water demand) 1 % of 

water was added and the test was repeated until the paste 

had the required water. 

2.2. Fresh densi ty  and workabi l i ty   

The fresh density and workability were assessed in 

accordance with NP EN 1015-6 and NP EN 1015-3, 

respectively. The fresh density was measured by filling a 1 

Litre cup divided in two halves compacted in 25 strokes 

each. After the previous measurement, the paste was placed 

on a flow table subject to repeated vertical actions and 

measured the radius of the paste flow. 

2.3. Consistence and sett ing t ime  

The required water of standard consistency and setting 

time of CR were assessed in accordance with NP EN 196-3. 

The required water of standard consistency of CR was 

determined by the standard depth from the Vicat ruler. Then, 

the initial and final times were measured when the fresh 

paste of CR developed some finite value of resistance to 

penetration. 

2.4. Thermogravimet r ic  analys is  

Thermogravimetry (TG) was conducted using a thermal 

analysis system NETZCH STA 409PC LUXX. On the test, 

50-100 mg of sample powder was loaded in an alumina pan. 

The test started from room temperature to 1100 ºC at a rate 

of 25 ºC per minute. The mass loss and thermic degradation 

speed were calculated using Proteus software. 

2.5. X-ray  di f f ract ion analysis  

Samples were grinded and compressed on a metallic 

sample holder. The powders were scanned (CuKa) at 2θ 

between 5 and 70 º with an angular step of 0.033 º and step 

time of 75 sec. X-ray diffraction (DRX) plots were collected 

using a PANalytical X’Pert Pro diffractometer. 

2.6 . Nuclear magnetic resonance analysis  

Nuclear magnetic resonance (RMN), recorded for 

resonance from 29Si to 59.595 MHz, allows analysing the 

degree of binding of the silicate tetrahedrons that make up 

the C-S-H, indicating the hydration level. The test was 

performed using a TecMag/Bruker 300 wide bore 

spectrometer with a frequency of approximately 60 MHz at a 

rate of 5 kHz. The test is performed with 250 scans and 

relaxation delay of 20 s. 

2.7. Hydrat ion heat measurement  

Isothermal calorimetry (CI) analysis was performed 

using a TAM Air Instruments calorimeter to evaluate the 

hydration heat release on cement pastes. The samples 

(approx. 6 g) were initially mixed with distilled water and 

placed in the calorimeter in less than 4 minutes, as indicated 

in NP EN 196-11. The test was performed for 7 days. Due to 

the stabilization time required within the calorimeter, only 

values recorded above 45 minutes after mixing were 

validated. 

2.8. Absolute densi ty  and laser granulometry  

The absolute density of the particles was measured by 

helium pycnometer (Multi, Quanta Chrome, at the University 

of Aveiro) and the granulometric distribution of the particles 

by laser diffraction (Mastersizer 2000, Malvern, in the 

Laboratory of SECIL at Outão). 

2.9. Microscopy analysis  

Scanning electron microscopy (MEV) and field emission 

gun scanning electron microscopy (FEG-MEV) were used to 

observe the microstructure of the pastes. For MEV analysis, 

the samples were previously dried at 60 ºC for 48 hours and 

kept in a desiccator. Then were observed in a Hitachi S 3000 

N microscope after Au-Pd surface coating. For FEG-MEV 

analysis, anhydrous cement samples were observed using 

the JSM-7001F/JEOL microscope coupled with an EDS 

(energy dispersive spectroscopy) analytical probe of type 

Inca pentaFETx3, OXFORD INSTRUMENTS.  

2.10. Mercury In trusion Porosimetry analysis  

The porosimetry of the pastes, with measurement of 

pore distribution and dimension, was analysed by mercury 

intrusion porosimetry (PIM) using the AutoPore IV 9500 

V1.09, Particle Technology Labs equipment. The samples 

were initially subjected to a vacuum regime of 40 ºC for 24 

hours. Mercury pressure in the penetrometer ranged from 

0.35 MPa to 228 MPa for a balance time of 40 seconds. 

2.11. Mechanical  s trength measurement  

The mechanical characterization was performed by 

testing the compressive and flexural strength the different 

pastes according to NP EN 1015-11. The tests were 

performed on the hydraulic press Seidner “Forma+Teste” 

505/200/10 M1. 

3. Results and discussion  

3.1. Granulometry evolut ion  

In general, cements treated at higher temperature tend 

to have finer granulometry, especially for temperatures 

above 800 ºC, above the decarbonation phase. According to 

Serpell & Lopez (2015), the differential stresses promoted 

by heat treatment and the retraction resulting from 

dehydration and decarbonation should contribute to the 

increase of the fineness of the binder. It is observed in Figure 

1 that for temperatures of 800-900 ºC (CR800 and CR900) 

there is a change in the development of the particle size 

distribution curve, with an increase in the amount of fine 

particles, but also with the increase in the content of coarser 

particles.  



3 
 

 

Figure 1: Granulometry evolution 

3.2. FEG-MEV 

In general, the various thermoactivated materials have 

porous structure and high surface area, which should be the 

main factor responsible for the higher water requirement of 

these cements. The increase in fineness of cements treated 

at higher temperature should also contribute to their higher 

water requirement. Up to about 700 ºC it turns out that some 

of the compounds of recycled anhydrous cement still tend to 

maintain the initial structure of the hydrated constituents. 

The thermoactivated cement at higher temperatures, 

especially above 800 ºC, presents agglomeration 

phenomena (sintering), with apparent densification of the 

particles and reduction of their surface area.  

3.3. Anhydrous TG 

In the dehydration phase (Ldh), the loss of mass is 

initially given by evaporation of free water and 

decomposition of gypsum and ettringite, up to about 150-200 

ºC, as well as dehydration of hydration products, as the case 

of C-S-H. The dehydroxilation phase (Ldx), which coincides 

with the highest peak of DTG, results from the 

dehydroxilation of CH. Between about 700 and 800 ºC, in the 

decarbonation phase (Ldc), there is a second high peak of 

DTG, corresponding to the decomposition of carbonated 

compounds, as is the case of CaCO3. On Table 2 are 

represented the results of the TG analysis. 

Table 2 - Anhydrous TG analysis 

[%] Ldh Ldx Ldc WB α CH CaO CaCO3 

CPN 0,10 0,20 3,07 0,30 1,30 0,82 - 6,98 

CRNT 12,96 3,90 3,93 17,37 75,53 18,16 - - 

CR400 2,80 4,40 4,43 7,20 31,30 18,10 - 9,51 

CR450 3,00 4,00 4,72 7,00 30,43 16,45 - 8,61 

CR500 1,20 3,70 5,34 4,90 21,30 15,22 - 10,48 

CR600 0,90 3,20 4,65 4,10 17,83 13,16 3,67 10,19 

CR650 1,10 3,20 3,99 4,30 18,68 13,16 4,49 8,93 

CR700 0,80 3,20 3,75 4,00 17,39 13,16 4,84 8,41 

CR750 0,80 3,10 3,85 3,90 16,96 12,75 5,02 8,41 

CR800 0,50 2,00 1,55 2,50 10,87 8,23 11,46 3,42 

CR900 0,40 2,20 1,51 2,60 11,30 9,05 10,90 3,24 

In CR there is an expected reduction in the value of the 

amount of non-evaporable water (WB), Ldh and CH with the 

increase in temperature. In fact, in cements treated at higher 

temperature, the number of hydrated compounds is 

progressively decreasing, as dehydration is becoming 

increasingly effective. Highlighting the most important 

reduction of the WB and CH content from 500-600 ºC, which 

coincides with the completion of the dehydroxilation phase 

of CH. In the thermoactivated CR above 600 ºC, it would be 

expected the CH portion to be very small, being 

compensated by its transformation into CaO. However, there 

were still CH levels of up to 13 %. This indicates that the CR 

underwent partial rehydration of the CaO during heat 

treatment and storage, emphasizing the high sensitivity of 

these cements to the occurrence of partial rehydration. 

Nevertheless, the Ldh values were little significant, 

indicating that rehydration occurred only at the CH level and 

not at the level of calcium silicates and aluminates. 

Interestingly, CH rehydration was lower from 800 ºC, 

possibly due to its denser structure and smaller surface area. 
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From 450 ºC there is a slight increase in the share of Ldc up 

to about 600 ºC, which corresponded to an increase of up to 

18 % in the content of carbonated substances. The same 

phenomenon was identified by Wang et al (2018) and 

Gouveia (2019), being attributed to additional carbonation 

that eventually occurs during the heat treatment of cements, 

after the dehydroxilation phase.  

3.4. Anhydrous DRX 

The compounds identified by the DRX analysis (Figure 

2) in thermoactivated cements were essentially portlandite 

(Ca(OH)2), calcite (CaCO3), lime (CaO), C2S (in the form of 

larnite and a new polymorph), C3A, tobermorite and 

brownmillerite (C4AF). It should be noted that some 

amorphic or low crystallinity phases, such as calcium 

sulfoaluminates, may be present but not identifiable 

(Baldusco et al, 2017). 

 

Figure 2: DRX diffractograms of anhydrous recycled cements 

During thermal activation occurs the transformation of 

portlandite into free lime (CaO) and the dehydration of 

cement hydration products, with consequent formation of 

silicates and calcium aluminates. Thus, from 500 ºC there is 

an important reduction of the peaks related to portlandite. 

According to Stepkowska et al (2004), portlandite above 400 

ºC turns into CaO, developing peaks that are very noticeable 

at 37. 4 º(2θ). However, this was not evident above 700 ºC, 

in which this CaO will have turned into CaCO3. From 800 ºC 

the intensity of these peaks increases because of 

decarbonation of CaCO3. The identification of CH up to 700 

ºC confirms the susceptibility of the CR to the phenomenon 

of pre-hydration. 

The presence of tobermorite in the cement treated at 

400 ºC reinforces that thermal activation at 400 ºC is not 

sufficient for complete dehydration and decomposition of 

hydration products. Only for temperatures above 600 ºC 

peaks of C2S are observed, demonstrating the effective 

depolymerization of C-S-H. The presence of CaCO3 up to 

about 700 ºC is identified, resulting from carbonated 

products from the starting paste and a possible carbonation 

⚫ - Portlandite;  - CaO;  - Calcite;  - C-S-H;  - Tobermorite; ◼ - C3A;  - C3S;  - C2S;                      

 - Ettringite;  - Brownmillerite; ◆ - Ca4Fe14O25;  - Larnite; ❖ - Gypsium;  - Alumo-hidro-calcite;                  

 - CaAFeO;  - Bassanite;  - Tilleyite. 
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of free lime during heat treatment (in accordance with TG 

analysis). After 700 ºC, progressive decarbonation occurs 

and CaCO3 content is no longer significant, as observed in 

TG analysis. 

Contrary to what is reported by Shui et al (2008), the 

presence of C2S in CRNT was little significant. This may be 

related to the different chemical composition of cements and 

especially to higher hydration and higher consumption of 

C2S in the cements used in the present work. 

3.5. Anhydrous RMN 

Figure 3 represents the RMN analysis, the spectrum of 

the thermoactivated CR at increasing temperatures confirms 

the progressive depolymerization of C-S-H. Like the CRNT, 

the CR400 also has 4 peaks, but in this case the relative 

area of Q0 increased, while the relative area of Q1 and Q2 

decreased, demonstrating that the degree of polymerization 

is lower.  Q2 lost intensity while there was an increase in Q0, 

except for Q1, which remained the same. The peaks suffered 

non-significant δ deviations. This pattern is the result of the 

weak dehydration that occurs in CRNT when promoting a 

treatment temperature of 400 ºC. Comparing these results 

with the DRX analysis, it can be assumed that the Q2 of the 

CR400 is representative of tobermorite, due to the long 

chains of silicates (Richardson, 2008). 

 

Figure 3: Anhydrous NMR analysis 

From the CR600, the spectra are quite different from the 

previous ones, no longer identifiable the Q1 and Q2, 

confirming the effective depolymerization of C-S-H and the 

formation of calcium silicates. Identical results were obtained 

by Lu et al (2008) for CR treated above 650 ºC. The Q1 and 

Q2 are fully transformed into two distinct Q0. The CR600 and 

CR700 are close to the CPN spectrum, which is a good 

indication of the recovery of calcium silicates, and the CR700 

has a more defined peak and higher intensity than the 

CR600. From the CR800, a deviation to the left of the Q0 

occurs. A new Q0 emerges at about -70.6 ppm which is 

consistent with the progressive formation of -C2S identified 

in the DRX analysis. Alonso & Fernandez (2004) also 

recorded two peaks of Q0 in the CR750, which are related to 

the formation of different C2S polymorphs, namely a β-C2S 

and a new neosilicate.  

3.6. Water  demand  

For identical workability, the water requirement in CR 

pastes was 2 to 3 times higher than with CPN. This higher 

water requirement in CR pastes is attributed to the formation 

of free lime and the increase of surface area of the 

dehydrated phases (Shui et al, 2009). In fact, since CR has 

CaO in its composition, part of the mixing water reacts 

immediately with CaO and part evaporates due to the initial 

exothermic reaction. These factors may justify the fact that 

the PR800 and PR900 pastes have a higher w/c ratio, since 

they are associated with smaller amounts of CaO and 

greater fineness. An important factor is the porosity of 

recycled cement particles that will absorb part of the water 

from the mixture, making it unavailable for the workability of 

the mixture (Bogas et al, 2019). 

-120-110-100-90-80-70-60-50-40

δ (ppm)

Q0=-70,81ppm
Q0=-71,46ppm

Q0=-70,60ppm Q0=-71,56ppm

Q0=-71,35ppm

Q2=-84,31ppm

Q0=-71,35ppm Q0=-75,42ppm

Q0=-75,40ppm

Q0=-71,67ppm

Q0=-71,27ppm

CPN

CRNT

CR400

CR900

CR800

CR700

CR600

Q0=-73,98ppm Q1=-79,33ppm

Q2=-83,80ppmQ0=-70,86ppm
Q0=-74,40ppm Q1=-79,33ppm

Q0=-75,60ppm
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3.7. Sett ing t ime  

In Table 3 are represented the pastes produced in this 

work, including the CPN paste of same w/c as PR650 and 

PR700 named PCPN0,72. The CPN had initial and final 

setting times of 85 and 115 minutes, respectively, being 

generally at least twice as low as those of the CR. This trend 

is contrary to that reported by other authors [Shui et al 

(2009), Xuan & Shui (2011), Vyšvařil et al (2014), Bogas et 

al (2019)], which justify the faster hydration of the CR for 

their greater reactivity and larger surface area. 

 

Table 3 - Cement pastes w/c, workability and setting times 

 

w/c Density [Kg/m3] Workability [mm] 
Initial setting 

time [h:mm] 

Final setting 

time [h:mm] 
 

PCPN 0,31 2145 163 1:25 1:55 

PCPN0,72 0,72 1716 Líquido - - 

PRNT 0,43 1674 154 <24H >24H 

PR400 0,62 1567 117 2:25 4:25 

PR450 0,64 1602 154 3:05 4:35 

PR500 0,68 1609 182 2:45 4:55 

PR600 0,73 1697 164 3:13 4:35 

PR650 0,72 1681 144 3:35 5:30 

PR700 0,72 1688 149 5:15 6:57 

PR750 0,74 1718 154 5:38 6:15 

PR800 0,87 1631 147 6:00 7:40 

PR900 0,91 1633 145 >12H >24H 

3.8. Hydrat ion heat  

To perform the calorimetry tests, CR pastes of 

thermoactivated at different temperatures with a w/c ratio of 

0.9 were produced. The test records the rate of hydration 

heat release from 45 minutes after hydration to 7 days, as it 

is shown in Figure 4. 

Although CR has a higher initial heat release, it 

develops fewer long-term hydration reactions than CPN. 

According to Shui et al (2009) the higher initial reactivity of 

CR is due to the greater specific surface area and instability 

of hydration products that tend to rehydrate rapidly. In CR, 

as soon as contact with water, free lime and calcium 

aluminates react quickly and the new C2S polymorphs are 

hydrated. Since the CaO content increases with the 

treatment temperature, the high initial heat release cannot 

be entirely attributed to its hydration, but also to the reactivity 

of the new compounds formed. The acceleration phase of 

the CPN involves higher heat rates released due to the 

formation of C-S-H from C3S. 

It is concluded that there is a progressive loss of 

reactivity for CR above 700 ºC. The CR900 did not develop 

significant hydration, being in accordance with the DRX and 

RMN analyses, due to the lower reactivity of calcium silicates 

of this cement. On the other hand, the CR400 which has only 

partially dehydrated hydration products, without major 

depolymerization, does not develop an acceleration phase 

and in turn its long-term reaction is not significant. 

 

 

Figure 4: Evolution of the hydration heat for each cement paste 
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3.9. Mechanical  strength  

In Figure 5 are presented the results of the mechanical 

analysis. Regardless of the type of binder, the cement paste 

strength increases from 3 to 28 days regularly. Considering 

pastes of equal consistency, the maximum compressive 

strength reached in the pastes with CR (PR650) was 

equivalent to 24 % of the compressive strength obtained in 

the reference paste with CPN (PCPN). However, for the 

same w/c ratio, the maximum compressive strength reached 

in the CR pastes was equivalent to 72 % of the compressive 

strength obtained in the CPN paste (PCPN0.72). The highest 

compressive strength was reached for the treatment 

temperature of 650 ºC, decreasing to higher temperatures, 

especially above 800 ºC.  

 

Figure 5: Mechanical strength of each cement paste for 3 and 28 days 

For pastes treated up to 500 ºC, subject only to partial 

dehydration and weak depolymerization of C-S-H, the 

mechanical strength was low. Rehydration occurred in an 

already formed structure, which makes it difficult to establish 

links between anhydrous particles and does not contribute 

to the overall increase in cohesion. In turn, for treatment 

temperatures above 600 ºC, the depolymerization of C-S-H 

was effective, increasing the rehydration capacity of the CR 

and leading to the formation of new hydration products. This 

higher rehydration capacity was confirmed in the calorimetry 

tests. Above 700 ºC, there is a decrease in the mechanical 

strength of the pastes for higher temperatures. According to 

the previous sections, the morphology of the formed phases 

is changed, leading to the formation of polymorphs of C2S 

(-C2S) of slower reactivity and the formation of phases of 

smaller surface area. This is particularly evident in the CR 

treated at 900 ºC, which in addition to showing a lower 

mechanical strength at 28 days, is associated with a much 

slower strength evolution, with compressive strength at 3 

days of age about 10 times lower than those of the other CR 

treated above 600 ºC.  

3.10. Hydrated TG analysis  

In Table 4 is shown the analysis of the hydrated 

cements, as cement pastes. CR pastes exhibit a similar 

behaviour as CPN pastes, showing similar levels of mass 

loss by dehydroxilation. This indicates that rehydration was 

effective, regardless of treatment temperature. 

Table 4 - Hydrated TG analysis 

[%] Ldh Ldx Ldc WB α CH CaCO3 

CRNT 12,96 3,90 3,93 17,37  75,53 18,16  - 

PCPN 11,36 2,60 3,48 14,27 62,04 11,98 7,19 

PCPN0,72 12,36 4,00 3,86 16,84 73,21 18,43 8,55 

PRNT 12,66 2,80 3,68 15,46 67,20 11,52 7,57 

PR400 12,46 3,20 4,58 15,90 69,12 14,15 9,46 

PR500 12,56 3,30 4,60 15,86 69,94 13,57 9,47 

PR600 12,13 3,10 5,02 15,60 67,82 14,26 11,26 

PR650 11,93 2,90 5,88 15,79 68,65 15,86 12,63 

PR700 12,36 2,50 5,72 15,84 68,89 14,34 12,29 

PR800 12,46 3,00 4,50 16,74 72,79 17,62 9,27 

PR900 13,36 3,10 3,58 17,39 75,39 16,56 7,59 
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Rehydration of CR treated up to 500 °C does not 

promote sufficient formation of cohesive bonds between 

anhydrous particles, leading to weak cohesion pastes. In 

pastes with CR treated above 600 ºC, CH dehydroxilation 

occurs earlier than pastes with CR treated up to 500 ºC, 

which should be connected to lower binding energy 

associated with the formation of the new CH. The paste with 

CR700 showed lower mass loss by dehydroxilation of CH. 

Even considering the increase in carbonation occurred in the 

CR, with possible consumption of CH, it is verified that the 

pastes with recycled cement treated up to 800 ºC develop 

less CH than the pastes with CPN. 

The decarbonation stage tends to extend to higher 

temperatures in CR than in CRNT. Since the pastes were 

cured in water until hydration stop with isopropanol, the 

development of additional carbonation has occurred in a 

later period. This phenomenon can be attributed to the 

formation of CaCO3 by the reaction of CH with organic 

solvents released during this hydration stop procedure 

(Lothenbach et al, 2016). 

3.11. Hydrated DRX analysis  

Portlandite, CaCO3 and ettringite are the main 

crystalline phases present, as shown in Figure 6. In pastes 

with CR treated at 600 ºC or at higher temperatures, CH 

peaks tend to be less intense than CRNT. On the one hand, 

the CH resulting from rehydration has less binding energy 

(hydrated TG analysis). On the other hand, the CaCO3 

content resulting from CH carbonation tends to increase to 

treatment temperatures above 500 ºC. Any carbonation 

occurring after hydration is unlikely, as the specimens have 

been kept in the curing chamber until the age of testing.  

Between 31-32 (º2) slight peaks are identified in CR 

treated above 600 ºC, which may result from calcium 

silicates identified in the anhydrous DRX analysis and which 

were not yet hydrated.  

 

 

Figure 6: Hydrated DRX analysis 

⚫ - Portlandite;  - Calcite;  - Ettringite;  - C-S-H;  - C2S. 

3.12. Hydrated RMN analysis  

Figure 7 shows the graphics related with the RMN 

analysis. In general, the deconvolution of the RMN spectra 

presents different peaks Q0, Q1 and Q2 of structural units of 

silicates that confirm the rehydration of CR. 

The (29Si) of Q1 and Q2 peaks in the pastes with CR 

were similar to those of the pastes with CRNT and CPN and 

in the same range as that reported in cement pastes of other 

authors [Alonso & Fernandez (2004), Lu et al (2008), Kim et 

al (2012)]. The similarity of the average length of the silicate 

chains of C-S-H (MCL) and ratio Q2/Q1 of the PCPN, PR700 

and PR800 pastes stand out, suggesting that the type of C-

S-H formed in these pastes after 28 days is similar.   
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Figure 7: Hydrated RMN analysis 

The hydration degree (αNMR) was slightly lower in the 

pastes with CPN0,72 than in the pastes with CR, which 

confirms the fact that a higher volume of C-S-H products was 

formed in the PR. These results are in accordance with the 

observed TG analysis. The slight increase of MCL and Q2/Q1 

ratio in the pastes with CR600 suggests a faster reaction in 

this material, which can be justified by the greater reactivity 

of the polymorphs of C2S (Anhydrous DRX analysis) and 

greater fineness of this binder. These results corroborate the 

porosity analysis presented in the PIM analysis and the 

mechanical strength results for the pastes with CR600 and 

CR650. In addition, αNMR tends to decrease with increasing 

temperature above 600 ºC. Above 800 ºC, the MCL and the 

Q2/Q1 ratio suffered a reduction that indicates a slower 

reactivity of these binders, with less polymerized C-S-H 

formation. 

3.13. PIM analysis  

In Figure 8 is shown the total PIM porosity of the various 

pastes. Naturally, the paste with CPN with lower w/c ratio 

(0.31) presents the lowest total porosity (about 66-74 % 

lower than the pastes with CR with higher w/c ratio) and 

greater porosity refinement. On the other hand, the total 

porosity of CR pastes was like CPN pastes with identical w/c 

ratio (PR600-PR750), ranging from 37.5 to 48.0 %. 

 

Figure 8: PIM total porosity 
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The pastes with cement treated up to 500 ºC have 

coarser porosity than the other pastes of higher w/c ratio. 

This can be justified by the weak development of external 

hydration products outside the CR particles, leading to a 

loose microstructure of high open porosity. Nevertheless, 

the total porosity in these pastes is not significantly higher 

than other CR pastes, which is justified by the fact that part 

of the water in the mixture is consumed in the rehydration of 

the internal products of the anhydrous CR particles, 

preserving the same microstructure of the original CRNT. On 

the other hand, pastes with CR treated above 600 ºC have 

more refined porosity than CPN pastes of identical w/c ratio, 

even in situations where the total porosity is higher 

(example: PR750). CR pastes develop two distinct 

microstructures, referring to the porosity of CR particles and 

the porosity of the surrounding matrix, which makes the 

connection between particles. Since part of the water is 

consumed in the development of the internal products, the 

w/c ratio of the surrounding matrix is reduced, and the 

particles approach each other. Briefly, it can be concluded 

that total porosity depends essentially on the w/c ratio, as 

with ordinary CPN pastes. 

The lowest total porosity was achieved for PR650, which 

is in accordance with the results of mechanic strength. This 

paste demonstrated faster reactivity, allowing to develop 

denser microstructures. 

3.14. MEV analysis  

As in the CPN paste, it is evident the rehydration 

occurred at the level of CR pastes, with development of 

common hydration products, including needle-shaped 

ettringite, C-S-H agglomerate and CH of hexagonal structure 

(Figure 9). However, different aspects of the microstructure 

are observed, depending on the treatment temperature. Up 

to 500 ºC, CR pastes have a loose and open structure, 

where anhydrous particles can be easily identifiable even 

after 28 days of age. These pastes present large CH 

crystals, ettringite needles and some superficial C-S-H, 

dispersed in an open structure. The low cohesion in these 

pastes is evident. The pastes with CR treated at 600 ºC or 

higher were able to develop several new hydration products, 

which result in the refinement of the porous structure, also 

confirmed in the tests of PIM analysis. 

 

Figure 9: MEV analysis 

Conclusion 

After studying the pastes produced at different 

temperatures, the best overall performance was obtained for 

the cement thermoactivated cement at 650 ºC, with no 

significant decarbonation during cement production. 

Through the methods described in this work, it is possible to 

produce a thermoactivated cement paste with compressive 

strength of 19.16 MPa at 28 days. Comparing with the value 

obtained in this same study with Portland cement, this work 

is concluded by stating that in terms of recycled cement 

pastes, it is possible to obtain a paste with approximately 

one quarter of compressive strength against ordinary 

cement pastes, using only the production of a 100 % 

recycled paste composed of thermoactivated cement at 650 

ºC. 
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