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A B S T R A C T

This study investigated the effect of incorporating small amounts of carbonaceous materials in cement paste and 
mortar systems at a low dosage. The materials studied include industrial graphite, natural graphite, carbon black, 
activated charcoal, and decolorized charcoal. The effect of this material on cement hydration through different 
techniques such as compressive strength mortar, TGA, SEM, isothermal calorimetry, rheology, and calcium 
isotherm adsoprtion. These tests studied the influence of carbonaceous materials’ properties on cement hydra-
tion. With the exception of industrial graphite G1, the carbonaceous materials showed an acceleration of setting 
after 1 day by favoring the nucleation of hydrates, reducing the porosity, and improving the mechanical prop-
erties. On the other hand, traces of this acceleration are no longer visible beyond 28 days. The accelerating effect 
of different carbons sources appears to be less dependent of crystallinity, mineralogy, or particle size, but rather 
on surface chemistry and the quality of particle dispersion.

1. Introduction

The concrete industry is one of the highest emitters of greenhouse 
gases as over 2.9 Gt of CO2 were emitted by the cement industry in 2021 
[1]. These emissions can hardly be decreased as they mainly result from 
the decarbonation of calcite during cement production [2]. Therefore, it 
remains complex to provide alternatives to reduce the carbon footprint 
of concrete and meet the objectives of the Paris agreement. The 
increased interest for high efficiency concrete and for viable alternatives 
to reduce the carbon footprint of concrete [3,4] has implemented a new 
dimension to the study of materials believed to improve concrete 
performance.

The primary motivations for this study were to understand the effects 
of low contamination of cementitious materials by carbonaceous ma-
terials, such as graphite, which can be present as impurities in new 
supplementary cementitious materials (SCMs) [5–8]. Moreover, the 
functionality of concrete, including properties like electrical conduc-
tivity, can be enhanced by incorporating carbonaceous materials [9,10]. 
While these materials have been well studied at higher dosages, their 
effects at low dosages remain less understood, especially in terms of 
hydration and early-age performance. Understanding the impact of low 
levels of carbonaceous materials can help in optimizing their use in 
practical applications where only small amounts are feasible or where 

unintentional contamination occurs.
Particularly the use of carbon-based nanomaterials such as graphene 

[11], graphene oxide [12], or carbon quantum dots have been investi-
gated with the intention to reduce the cement content [13]. The use of 
these materials in concrete provided improvements on their durability 
or microstructure [13,14]. However, the use of nanomaterials at an in-
dustrial scale is complex as reaching the adequate unfavorable disper-
sion of nanomaterials in cementitious materials is necessary and 
essential [11,12]. Other unconventional materials like stainless steel 
powder or graphite were also studied, which enabled the discovery of 
concretes with new properties, such as conductive concretes [15]. 
Despite the effect on cementitious materials displayed by the use of 
carbon-based materials in concrete, carbonaceous materials’ effects on 
cement hydration were partially studied compared to nanomaterials. 
Currently, it is known that the addition of 10 % to 20 % of graphite 
showed decreased mechanical performance through a reduction in heat 
released by calorimetry [9]. The analysis conducted by Dutta, Bordoloi, 
and Borthakur [16], included studies on setting time, compressive 
strength, hydration using XRD, and microstructure using SEM, thereby 
advancing knowledge on the impact of coal or coke on cement hydra-
tion. That study showed a decrease in mechanical performance after the 
addition of 15 % of coke or coke charcoal. Such decreased performance 
was mainly due to an increase in the porosity of the cement paste [16]. 
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Other experiments focused on different carbonaceous materials like 
activated carbon [17]. The results showed that the use of a small pro-
portion of activated carbon improved mortar performance by reducing 
the porosity of the mix. On the other hand, beyond the 2 % addition of 
activated carbon, the mechanical properties decreased [17]. The studies 
analyzing the addition of carbonaceous materials in cement have mainly 
shown effects on porosity. However, the origin of these microstructure 
modifications is not currently well understood.

The present study aims to understand the impact of adding different 
types of carbonaceous materials on cement hydration and/or charac-
terize potential improved performances of cement in the presence of the 
carbonaceous materials. This article aims to answer the following 
questions:

(i.) How does the addition of carbonaceous materials at low dosage in 
cement affect cement hydration?

(ii.) How does carbonaceous material properties affect the hydration 
of cement?

To answer this question, five carbon materials were tested: industrial 
graphite, natural graphite, activated carbon, carbon black, and decol-
orized carbon. These materials have been tested at replacement levels of 
0.1 %, 0.5 %, 1 % and 2 %. The samples created with different 
replacement levels were tested with six different methods to answer 
both questions seen above. First, the influence of carbonaceous mate-
rials on the rheological properties of cement pastes was studied. The 
influence of the addition of carbon on the mechanical properties was 
then evaluated through compression tests on mortar. The influence of 
carbons on the amount of air in hardened mortar was also studied by 
image analysis. The impact of carbons on cement chemistry was assessed 
through isothermal calorimetry tests. In addition, thermogravimetry 
was performed to study cement chemistry on mixes containing 2 % 
carbon. Finally, the porosity was also evaluated on pastes containing 2 
% carbon using scanning electron microscopy images in order to un-
derstand the impact of carbons on the microstructure of cement pastes.

2. Materials and methods

2.1. Materials

In this study, Portland cement (Type GU) was used to prepare the 
cement paste and mortar samples. Five carbonaceous materials were 
studied in this article. G1 is an industrial type graphite similar to 
graphite used to produce electrodes. This type of graphite is obtained by 
cooking pure coke at high temperature, G2 is a natural graphite flake 
with 99.9 % purity (metal basis). AC is a commercial grade activated 
charcoal with some impurities. CB is a carbon black Vulcan XC500 from 
Cabot. Finally, DC is a laboratory grade decolorized charcoal composed 
of pure activated charcoal. The chemical composition of the Portland 
cement was analyzed by X-ray fluorescence (XRF) bed fusion after loss of 
ignition of 30 min at 1000 ◦C. The chemical composition of Portland 
cement is shown in Table 1.

The mineralogical composition of Portland cement and the carbo-
naceous materials used in this paper were analyzed through X-ray 
powder diffraction (XRD) by Rietveld analysis. In addition to the pre-
vious measures, a zincite (ZnO) external standard was analyzed under 
the same method to determine the amorphous content. The diffracto-
grams acquired for each of the carbonaceous materials are presented in 

Fig. A1 of the Appendix. The quantitative mineralogical compositions of 
the cement and the carbonaceous material powders studied are pre-
sented in Table 2.

Most of the carbonaceous materials tested are mainly composed of 
amorphous phases. For graphite, industrial graphite G1 is predomi-
nantly composed of amorphous carbons, as opposed to natural graphite 
G2, showing respective amorphous proportions of 81 % and 10 %. 
Regarding other carbon derivatives, black carbon CB, and decolorized 
carbon DC are composed entirely of amorphous carbon. Interestingly, in 
addition to its dominant amorphous carbon content, commercial acti-
vated carbon AC also shows 7.5 % quartz and 2.4 % calcite. This type of 
contamination is expected in commercial activated charcoal as shown 
by Ramirez-Gutierrez et al. [18].

The particle size of the carbonaceous materials tested was measured 
using a Malvern Mastersizer 3000 laser particle sizer with isopropanol as 
the dispersant. To ensure optimal dispersion, about 500 mg of carbo-
naceous materials were dispersed for 15 min in 50 mL of isopropanol 
using an ultrasonic bath. Drops of the previously dispersed solution 
obtained were then added to the isopropanol of the laser granulometer 
in order to obtain a filling between 5 % and 10 %. The volume density of 
the particles of Portland cement and of the various carbonaceous ma-
terials is presented in Fig. 1. Industrial graphite G1 and commercial 
activated carbon AC show a grain size similar to cement with d50 around 
17 µm. Natural graphite G2, due to the flake shape of its grains, shows a 
slightly larger particle size seen by a d50 around 50 µm. On the other 
hand, the decolorized carbon DC and the carbon black CB show much 
finer grain sizes with a d50 of 1 µm and 0.17 µm respectively. In addition, 
grain-shaped observations of carbonaceous materials were made by 
scanning electron microscopy in secondary electron mode. These ob-
servations are visible in Fig. A2 in the Appendix. The specific surface 
area (SSA) values, as determined by BET analysis are presented Table 2. 
The Portland cement exhibits a relatively low SSA of 1.3 m2/g, which is 
consistent with its larger particle size compared to the carbonaceous 
additives. Industrial graphite G1, with a d50 of approximately 17 µm, 
has a moderate SSA of 8.6 m2/g, reflecting its relatively larger and more 
crystalline structure. Natural graphite G2, despite its larger d50 of 50 
µm, shows a lower SSA of 4.8 m2/g, which aligns with its flake-like 
morphology that offers less surface area per unit mass. In contrast, the 
highly porous nature of activated carbon AC, with a d50 of 17 µm, re-
sults in an exceptionally high SSA of 1265.6 m2/g, indicating extensive 
internal porosity. Carbon black CB, with a much finer d50 of 0.17 µm, 
has a significant SSA of 237.3 m2/g, highlighting the influence of its 
small particle size and high surface activity. Decolorized carbon DC, 
with a d50 of 1 µm, also demonstrates a high SSA of 823.1 m2/g, 

Table 1 
Chemical compositions of the cement.

Percentage in weight (wt%)

Oxide SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 P2O5 V2O5 LOI

OPC 19.17 4.69 3.61 61.52 2.4 3.98 1.06 0.25 0.25 0.14 0.01 2.62

Table 2 
Major mineralogical compositions,and BET surface area of the OPC, LCLL Ash 
and quartz powder.

Phase (wt%) OPC G1 G2 AC CB DC

C3S 63.4 – – – – –
C2S 7.3 – – – – –
C3A 3.9 – – – – –
C4AF 13 – – – – –
Quartz – – – 7.5 – –
Calcite 2.2 – – 2.4 – –
Graphite – 19.1 89.7 3.4 – –
Amorphous – 80.9 10.3 86.7 100 100
SSABET 1.3 8.6 4.8 1265.6 237.3 823.1
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reflecting its fine particle size and porous structure. These SSA values are 
coherent with the observed d50, where smaller particle sizes and higher 
porosity contribute to a greater specific surface area, thereby influencing 
the material’s reactivity and interaction with the cement matrix.

2.2. Methods

2.2.1. Rheology
The effects on rheological properties were studied on cement pastes 

composed of 80 g of the mixture made of cement/carbonaceous material 
tested and 38.8 g of distilled water. Mixes with the following replace-
ment levels of carbonaceous materials were made: 0.1 %, 0.5 %, 1 % and 
2 %. The cement pastes were mixed according to the ASTM C1738 
standard [19]. The rheological properties were measured using the same 
method as [5] with the 3D printed geometry recommended by NIST and 
previously calibrated with the SRM 2493 [20,21]. The measurements 
were taken 15 min after the initial contact between the distilled water 
and the cement on an Anton Paar MCR 302 rheometer. The data was 
recorded on a rising curve from 0.1 rpm to 100 rpm and a falling curve 
from 100 rpm to 0.1 rpm. Only the data from the 23 points of the 
downward curve were used. The shear stress τ, the shear rate γ ̇ and the 
apparent viscosity μ were calculated using Eqs. (1) to (3), by considering 
the rotational speed N and torque Γ measurements acquired. In these 
equations, the parameters Kτ and Kμ are determined when calibrating 
the geometry with the NIST reference material. In accordance with the 
NIST publication [21] the yield stress τ0 and the plastic viscosity µ were 
calculated using the Bingham rheological model. Respectively, these 
were calculated as the ordinate at the origin and the slope from the 
linear regression of the curve τ=f(γ̇) where (γ̇) > 1 s− 1. 

τ = Kτ × Γ (1) 

γ̇ =
Kτ
Kμ × N (2) 

μ = Kμ ×
Γ
N

(3) 

Rheology was included in the study to evaluate the fresh state 
properties of the cement paste. Understanding how carbonaceous ma-
terials affect the rheological behavior provides insights into their in-
fluence on the dispersion of particles and, subsequently, on the 
hydration process. Proper dispersion can lead to improved nucleation of 

hydrates, which is an essential aspect of early-stage cement hydration 
[22].

2.2.2. Mortar compressive strength
The mortar samples were made and tested according to the ASTM 

C109 standard [23]. The mixes with the following replacement levels of 
carbonaceous materials were made: levels of 0.1 %, 0.5 %, 1 % and 2 %. 
In order to ensure homogeneity, the dispersion of carbonaceous mate-
rials was performed using a QSonica Q700 sonicator, with the materials 
being sonicated in a beaker filled with 100 mL of distilled water. The 
sonication duration was set to 15 min to ensure effective dispersion of 
the particles while avoiding excessive heating of the solution. Over-
heating could make the solution difficult to handle without heat pro-
tection gloves and could potentially affect the water temperature used in 
the mortar, thereby altering the hydration process during mixing [ref] . 
The mortar cubes were prepared according to the ASTM C305 standard 
[24] by mixing 3575 g of Ottawa sand, 1300 g of cement/carbonaceous 
material mix, and 650 ml of water. To maintain a constant water/binder 
ratio of 0.485 and a constant flow of 110 ± 5 [23], about 2 to 20 mL of 
polycarboxylate superplasticizer were used to limit the effect of different 
carbon particle sizes. The mortar mix proportions are presented in 
Table 3. Each mix was tested at 1, 7, 28, and 112 days. to evaluate the 
compressive strength activity index over time.

2.2.3. Hardened mortar air void measurement
Air void measurements in the hardened mortars were carried out 

after 28 days to assess the impact of the addition of a small proportion of 
carbonaceous material on the amount of air in the mortars. The air void 
measurements in the hardened state were carried out by image analysis 
according to the method proposed by Fonseca and Scherer [25] in 
accordance with ASTM C457 [26]. To proceed, three cubes of mortar 
were cut using a diamond saw through the middle in the direction 
perpendicular to the compaction. Each sample was then polished with 
120, 320, 600, and 1000 grit SiC powders by water washing and air 
drying between each step. The polished surfaces thus obtained were 
then blackened using an indelible marker with a very broad tip and the 
air voids were contrasted by filling them with a white barium sulphate 
powder. The contrasting surfaces were then scanned using a commercial 
scanner with a resolution of 4800 ppi on a surface of 45×45 mm2 in 
16-bit grayscale. The images obtained were then analyzed with the 
MATLab procedure proposed by Fonseca et Scherer [25].

2.2.4. Isothermal calorimetry
Isothermal calorimetry tests were carried out according to the ASTM 

C1679 standard [27] on cement pastes with a water/binder ratio of 
0.485. The water/binder ratio was selected to be consistent with the 
mortar mixes made according to the ASTM C109. These tests were 
performed with a TA Instrument TAMAir 8 channels isothermal calo-
rimeter set at 23 ◦C with initial and final baselines recorded over 30 min. 
First 40 g of the cement/carbonaceous material mix was mixed with 
19.4 g of distilled water for 2 min at 1600 rpm in a plastic tube. About 
6.75 g of the resulting paste was then inserted into the ampoule of the 
calorimeter before being sealed. The reference ampoules were made 
with 16 g of Ottawa sand in order to maintain a heat capacity similar to 
the samples tested.

2.2.5. Thermogravimetric analysis (TGA)
The objective of the thermogravimetry tests was to evaluate the 

impact of the addition of carbonaceous materials on the chemical 
composition of the paste by analyzing the quantity of bound water in the 
hydrates. Only mixes with 2 % carbonaceous material replacement were 
submitted to this method to work with the samples providing the best 
visualization of carbon impact on cement’s chemistry and to reduce the 
number of samples. The cement paste samples were prepared with the 
remaining paste from the calorimetry assay and molded in a plastic tube. 
Paste samples were demolded after 1 day and were then preserved in 

Fig. 1. Particle size analysis by laser granulometry of cement and carbonaceous 
materials tested.
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lime water. After 1, 28 and 112 days in lime water, 3 g of each sample 
paste was submitted to hydration stoppage by solvent exchange with 
isopropanol and diethylether according to the method proposed by 
Snellings et al. [28] and Scrivener et al. [29]. Thermogravimetric 
analysis was carried out with a STA8000 from Perkins Elmer. For each 
test, approximately 50 mg of anhydrous sample was introduced into an 
alumina crucible. The mass loss was measured from 30 to 1000 ◦C with a 
heating rate of 10 ◦C/min with a dinitrogen flow of 50 mL/min. TGA 
tests were carried out in triplicates for each carbonaceous material mix 
tested and the reference. The DTG curves were calculated from the de-
rivative of the curve of the evolution of mass as a function of 
temperature.

2.2.6. BSE electronic microscopy
The influence of carbonaceous materials on the microstructure of 

cement paste was studied by scanning electron microscopy (SEM) in 
backscattered electrons (BSE). Again, the reference and the mixes with 2 
% carbonaceous material replacement were analyzed to limit the num-
ber of samples. As for the TGA tests, the cement paste samples were 
prepared with the rest of the paste from the calorimetry. Cylindrical 
specimens of cement paste hardened in lime water were sawed under 
cutting oil using a precision saw with a diamond blade to cut slides about 
1.5 mm thick. The slides were rinsed in isopropanol and immersed in 
100 ml of isopropanol for 48 h according to the procedure recommended 
by Scrivener, Snellings and Lothenbach [29]. After this procedure, the 
samples were vacuum dried and vacuum impregnated with a low vis-
cosity epoxy resin to stabilize the microstructure. To ensure good quality 
BSE images, specimens were first lapped using 600 grit SiC paper and 
polished with 9 μm, 3 μm, 1 μm diamond paste using lapping oil as a 
lubricant. To avoid contamination from the previous polishing step, the 
sample was cleaned 15 min in isopropyl alcohol using an ultrasonic 
cleaner after each step. Before observing them under SEM, the samples 
were coated with 15 nm of carbon. Images were obtained with a Hitachi 
TM3030 tabletop SEM microscope equipped with a backscattered elec-
tron detector under an accelerating voltage of 15 kV with a x400 
magnification. The samples were analyzed after 1 day and 112 days to 
assess the short- and long-term impact on the microstructure. To 
determine the porosity, 30 images with a resolution of 1280×960 pixels 

were captured over the entire surface of the sample with the same 
brightness and contrast. For each image, the porosity of the cement 
pastes was determined according to the shades of gray method using an 
arbitrary threshold according to Scrivener [30]. However, the value of 
the chosen threshold was determined in order to obtain a water/cement 
ratio of 0.5 on the cement reference sample according to the method 
proposed by Wong and Buenfeld [31]. The porosity of the cement paste 
was obtained by calculating the mean value on the 30 images.

2.2.7. Adsorption isotherm
In the adsorption test protocol outlined in the article, 200 mg of the 

carbon sample under examination was placed into a 50 mL tube, fol-
lowed by the addition of 25 mL of the calcium solution. Calcium solu-
tions of concentrations 25, 50, 100, 200, 300, 400, and 500 ppm were 
prepared using CaCl2, and the pH was adjusted to 12.5 by adding a 100 
g/L KOH solution. The tubes were agitated for 12 h in a tube rotator, 
then centrifuged at 5000 rpm for 15 min to separate the supernatant 
from the carbon particles. The recovered solution was filtered through a 
0.2 µm syringe filter and diluted 10 times in a 5 % nitric acid solution. 
The diluted solutions were subsequently analyzed using an Agilent 5110 
ICP-OES at 317.9 nm, with reference to a 1000 ppm calcium standard, to 
measure the residual calcium ion concentration. The method’s limit of 
detection was 0.85 ppm, and the limit of quantification was 1.18 ppm.

3. Results and discussion

3.1. Rheology

The rheological properties were measured for each mix of cement/ 
carbonaceous material paste. The results of the yield stress and plastic 
viscosity measurements obtained are presented in Fig. 2. The measure-
ments of the various carbonaceous materials are compared to the results 
obtained for the Portland cement reference (red dotted lined). The 
different percentages of industrial graphite G1 showed values similar to 
the cement reference with stress yields and plastic viscosities respec-
tively around 10 Pa and 0.07 Pa.s. For graphite G2, the replacement of 
0.1 % to 2 % of cement allowed to observe an increase in yield stress and 
plastic viscosity clearly higher than G1. However, these increases 

Table 3 
Mortar mix proportions and flow.

Materials

Mix Cement Carbonaceous materials Sand Water superplasticizer Flow (%)

Reference 1300  3575 630.5 – 108
Graphite G1     

0.1 % G1 1298.7 1.3 3575.0 630.5 2.0 111
0.5 % G1 1293.5 5.3 3575.0 630.5 2.7 107
1 % G1 1287.0 10.6 3575.0 630.5 6.2 115
2 % G1 1274.0 21.2 3575.0 630.5 3.9 110

Graphite G2      
0.1 % G2 1298.7 1.3 3575.0 630.5 5.5 113
0.5 % G2 1293.5 5.3 3575.0 630.5 7.0 114
1 % G2 1287.0 10.6 3575.0 630.5 6.6 107
2 % G2 1274.0 21.2 3575.0 630.5 7.8 105

Activated charcoal     
0.1 % AC 1298.7 1.3 3575.0 630.5 9.0 107
0.5 % AC 1293.5 5.3 3575.0 630.5 5.5 106
1 % AC 1287.0 10.6 3575.0 630.5 10.1 106
2 % AC 1274.0 21.2 3575.0 630.5 7.4 113

Carbon black      
0.1 % CB 1298.7 1.3 3575.0 630.5 10.1 106
0.5 % CB 1293.5 5.3 3575.0 630.5 8.2 110
1 % CB 1287.0 10.6 3575.0 630.5 11.7 113
2 % CB 1274.0 21.2 3575.0 630.5 21.5 106

Decolorized carbon     
0.1 % DC 1298.7 1.3 3575.0 630.5 5.9 115
0.5 % DC 1293.5 5.3 3575.0 630.5 12.9 107
1 % DC 1287.0 10.6 3575.0 630.5 16.8 108
2 % DC 1274.0 21.2 3575.0 630.5 17.6 106
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stabilize respectively around 23 Pa and 0.35 Pa.s beyond 0.5 % 
replacement in G2. The increases of viscosity with the addition of nat-
ural graphite were also observed by Papanikolaou et al. [9]. The addi-
tion of activated carbon showed an increase in yield stress and plastic 
viscosity with the increase in the amount of AC. The same behavior was 
observed for black carbon CB and for the decolorized carbon DC with 
values three times higher compared to the cement reference for yield 
stress, and up to ten times higher for plastic viscosity. The yield stress 
and plastic viscosity results of graphite G1, carbon black CB and 
decolorized carbon were reported to result from an increase in surface 
area due to smaller particle sizes [32,33].

However, the results for G2 graphite and AC activated carbon are not 
consistent with the rest of the observations. These results seem to indi-
cate that other parameters such as particle shape or particle porosity are 
responsible for these changes. Graphite G2 with its flake-shaped 
(Fig. A2) particles larger than graphite G1 showed higher yield stress 
and plastic viscosity values. Similarly, activated carbon with a higher 
porosity than G1 graphite showed higher yield stress and plastic vis-
cosity results, despite a similar particle size. Moreover, the relatively 
close values between the decolorized carbon DC and the carbon black 
tend to show a partial dispersion of the carbon. Similar trends were 
observed by Abdulfattah et al. [34] on concrete slump tests. In general, 
apart for graphite G1, the addition of a small proportion of carbonaceous 
materials tends to increase yield stress and plastic viscosity. These re-
sults are consistent with observations made on several carbonaceous 
materials in cement that showed an increased water demand upon 
carbon addition [9,34,35]. However, apart from the particle size, due to 
the small percentage of replacement, it remains difficult to describe the 
effect of the type of carbon on the rheology of cement pastes.

3.2. Mortar compressive strength

The choice to conduct compressive strength and air void measure-
ments on mortar samples rather than paste samples was made to better 
simulate real-world concrete applications, where the presence of ag-
gregates significantly influences the mechanical and durability proper-
ties of the material [22,36]. Mortar samples, which include fine 
aggregates, provide a more accurate representation of the concrete’s 
behavior under actual service conditions. The inclusion of aggregates 
affects the internal structure, air void distribution, and the overall 
response to mechanical stresses. Therefore, testing mortar samples al-
lows for a more comprehensive understanding of how carbonaceous 
materials impact the performance of cementitious systems in practical 
applications. This approach ensures that the findings are directly 
applicable to the concrete used in the field, where the interaction 

between the cement paste and aggregates is crucial to the material’s 
overall performance.

Fig. 3(a-e) respectively show the results of the relative compressive 
strength of the carbonaceous materials G1, G2, CA, CB, and CD as a 
function of time. The relative compressive strengths were calculated 
from the compressive strength results according to Eq. (4). 

Relative strength =
Rj days

100 cement − Rj days
% carbon

Ri days
100 cement

(4) 

where Rj days
100 Cement and Rj days

%carbon are respectively the compressive strength 
of the cement reference at j-days and the blended cement with carbo-
naceous materials at j-days, respectively. The compressive strength re-
sults are available in Fig. A5 in annex.

The addition of 0.1 % G1 graphite showed a slight increase in 
compressive strength, especially at 1 day. However, increasing up to 2 % 
the cement replacement for G1 graphite generally showed a decrease of 
about 5–10 % in compressive strength. Similar results were observed by 
Luo and Wang [37] and Wu et al. [10]. In addition, the manufacture of 
industrial graphite is carried out from the cooking of coke, which sug-
gests that graphite G1 is partly composed of amorphous uncooked coke 
residues. The study of Justo-Reinoso et al. [16] showed a decrease in 
compressive strength with the addition of coke in the cement, which 
tends to confirm the observations. For G2 natural graphite, a strong 
increase in compressive strength of 20 to 40 % was observed at 1 day for 
the different replacement levels. However, after 7 days and more, the 
observed strengths remain similar to the cement reference. Same ten-
dencies to G2 graphite were reported in other articles [9,6,7,38] where 
commercial activated carbon showed a strong increase in compressive 
strength at 1 day, specifically for blends with 0.1 % and 0.5 % AC. On the 
other hand, this increase was less visible for the mixes with 1 % and 2 % 
AC. In their study, [17] observed similar results for activated charcoal 
replacement of 1 % and 2 %. In general, the compressive strengths 
beyond 7 days showed slightly better results for AC than the cement 
reference. This difference can be due to the presence of about 7 % of 
quartz in AC, which is weakly reactive. For decolorized carbon DC, re-
sults similar to activated carbon were observed, showing higher 
compressive strengths at 1 day than the cement reference. However, 
beyond 1 day, the compressive strength of the DC mortar showed a 
similar result to that of the AC mortar. These results seem to confirm that 
the presence of quartz in AC had no improvement on the AC mortar 
compressive strength for these replacement levels. For carbon black CB, 
results similar to DC were observed with an increase in compressive 
strength at 1 day and values similar to the reference after 7 days. 
However, replacing the cement with 2 % CB showed a decrease in 

Fig. 2. Plastic viscosity and yield stress of cement and cement/carbon pastes. The red line refers to the cement reference paste.
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compressive strength beyond 7 days. These results are contradictory to 
the observations made by Abdulfattah et al. [34] where compressive 
strength gains were maintained over time despite adding carbon black. 
This contradiction from the results in the present study seems to confirm 
the hypothesis of poor dispersion of CB during the mixing process.

In general, apart from G1 graphite, the addition of carbonaceous 
materials shows a setting accelerator effect with an increase in the 
compressive strength at 1 day. However, beyond 7 days, the compres-
sive strengths no longer seem to be affected by the presence of a small 
proportion (2 % and less) of carbon. However, the crystallinity, or the 

Fig. 3. Relative compressive strength of mortar samples a) graphite G1, b) graphite G2, c) Activated charcoal AC, d) carbon black CB, e) decolorized charcoal DC at 
1, 7, 28 and 112 days. The red line refers to the cement reference mortar sample.

V. Brial et al.                                                                                                                                                                                                                                    Cement 18 (2024) 100118 

6 



size of the carbon particles, therefore, does not seem to explain the 
accelerator effect. In addition, questions remain on the effect of using 
superplasticizer in order to maintain a constant flow in accordance with 
ASTM C109. Indeed, the reference and the G1 graphite mixes did not 
require the addition of superplasticizer as there was no increase in the 
water demand. However, the dispersion of carbon particles is a 
parameter that significantly influences the properties of cementitious 
materials. This is why, apart from the tests on mortar, the other char-
acterization tests were carried out without using a superplasticizer.

3.3. Air in hardened mortar

Fig. 4a presents the results of air void measurements in the hardened 
state of mortars with different proportions of carbonaceous materials. 
The G1 graphite showed air values 2 % to 4 % higher than the cement 
reference. This strong increase in the quantity of air can explain the 
lower compressive strengths observed. The other carbonaceous mate-
rials also showed around 2 % increases in the amount of air, which re-
mains lower than the G1 graphite. The two types of graphite, on the 
other hand, entrain a greater quantity of air. In addition, the AC acti-
vated carbon showed similar amounts of air to the cement reference, 
which supports the improved long-term compressive strength results 
than the reference.

However, these observations cannot clearly define a trend between 
the replacement levels and the quantity of air observed. Fig. 4b plots the 
quantity of air at 28 days versus the compressive strengths for the 
different days tested. As shown in Fig. 4b, the results do not show a 
strong correlation between the compressive strength measurements and 
the amount of air. However, the equations showed similar trends to 
observations made by Pinto and Hover [39] with an 3 % decrease in 
compressive strength per percentage of air added. This high variability 
may be explained by the measurement method in the hardened state 
done by image analysis. Indeed, since the mortar samples were made 
with Ottawa sand its smaller grain size of sand may be more easily teared 
apart. However, the image analysis method cannot differentiate an air 
void from a void left by the tearing of an aggregate. This effect is visible 
in Fig. A3 in the Appendix. The tearing of the aggregates is also linked to 
the resistance of the cement paste. It is therefore possible that the results 
are slightly overestimated for mortars with the least resistant cement 
pastes such as G1 graphite.

3.4. Thermogravimetric analysis

Samples with 2 % replacements were tested by TGA at 1 day, 28 
days, and 112 days. Figs. 5-7 show the relative masses of the DTGs from 
the various carbonaceous materials tested respectively at 1 day, 28 days, 
and 112 days. At 1 day the samples containing graphite G1 and carbon 
black showed similar results to the cement reference, with relatively 
similar mass losses between 30 ◦C and 500 ◦C. These results suggest that 
the samples precipitated similar amounts of hydrates. On the other 
hand, the samples containing activated carbon AC, natural graphite G1, 
and decolorized carbon DC showed greater mass losses than the other 
samples between 30 ◦C and 500 ◦C. These differences are particularly 
visible between 30 ◦C and 300 ◦C which are the temperatures associated 
with C-S-H, ettringite (AFt) and monosulfates/monocarbonate (AFm) 
[29]. These results indicate greater hydrate precipitation for these 
mixes. However, it remains difficult from the TGA data to identify pre-
cisely which phase was most influenced by the presence of carbonaceous 
materials.

Other differences are observable from 600 ◦C and above. Activated 
carbon AC and decolorized carbon DC showed a higher proportion of 
calcite. These results seem consistent with AC activated carbon due to 

Fig. 4. a) Percentage of air in mortar at 28 days measure by the image analysis and b) air percentage at 28 days versus the compressive strength. The red line refers to 
the cement reference mortar sample air content.

Fig. 5. TG and DTG curves of cement and cement/carbon pastes samples at 
1 day.
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the presence of calcite in this commercial activated carbon. However, 
the decolorized carbon DC does not contain calcite. These observations 
leave two possible hypotheses: carbonation of the sample or carbon 
oxidation from DC. Since the structure of decolorized carbon is similar to 
that of activated carbon, and the amounts of portlandite are similar in 
the two samples, the oxidation hypothesis seems more consistent. Mass 
losses above 750 ◦C are due to the oxidation of different carbonaceous 
materials, which explains the different temperatures observed. At 28 
days, similar mass losses are observable for all the carbonaceous mate-
rials and the reference. However, activated carbon AC and decolorized 
carbon DC seem to show a slightly higher presence of AFm. The main 
notable differences are visible above 600 ◦C with a greater presence of 
calcite for the activated carbon and different oxidation temperatures of 
the carbonaceous materials. At 112 days, results similar to those at 28 
days are observed. However, greater mass losses between 60 ◦C and 400 
◦C are observed, indicating a more significant formation of hydrates 
over time. Nonetheless, no significant differences are observed for the 
other phases.

From the TGA data at 1 day, 28 days and 112 days, it is possible to 
estimate the degree of hydration of the cement paste according to the 
method proposed by Monteagudo et al. [40]. However, that study 
showed that the amount of water bound for an infinite hydration time is 

dependent on the additions of SCM made to the cement. This is why, in 
this study, the bound water mass for infinite hydration times was 
characterized by regression of the bound water masses measured at 1 
day, 28 days and 112 days according to the method proposed by Mon-
teagudo et al. [40]. The results on the evolution of the degree of hy-
dration over time are presented in Fig. 8a. At 1 day, graphite G1 shows a 
degree of hydration similar to the reference. On the other hand, the 
other carbonaceous materials showed slightly higher degrees of hydra-
tion of 6 % to 8 % compared to the reference. At 28 days and 112 days, 
all the carbonaceous materials seem to show equivalent degrees of hy-
dration or slightly lower by 1 % to 4 % compared to the reference. Like 
the results at 1 day, these results confirm the trends observed on mortars 
with an accelerating effect at 1 day, but which is no longer observable 
after 7 days.

In addition, the very low concentrations of silica and aluminum in 
the carbons tested suggest that the precipitation of a greater amount of 
hydrate is not due to chemical reactions with the carbon. The increase in 
the quantity of hydrates and the degree of hydration would rather be due 
to chemisorption phenomena, allowing better nucleation of the 
hydrates.

From the TGA data, it is also possible to describe the microstructure 
of the dough according to the method proposed by Adu-Amankwah et al. 
[41]. This method allows to estimate the porosity from the measurement 
of the bound water mass measured by TGA, and by assuming that the 
average density of the bound water is 1.3 g/cm3 [42]. Fig. 10b shows the 
evolution of the porosity composition calculated by TGA as a function of 
time. The mixture with 2 % of graphite G1 at 1 day showed a porosity 
similar to the reference around 51 %. On the other hand, slightly lower 
porosities around 50 % were observed for the other carbonaceous 
materials.

However, as for the degree of hydration, all the mixes showed po-
rosities similar to the reference with values respectively 42 % and 39 % 
at 28 days and 112 days. These results tend to explain the greater 
compressive strengths observed on mortars at 1 day, and similarly 
beyond 28 days. Nevertheless, the porosity calculation method cannot 
estimate the real porosity due to its sensitivity to carbonation and the 
density assumption made for bound water density.

3.5. BSE scanning electron microscopy

Porosity measurement was also based on scanning electron micro-
scopy observations. These measurements were intended to confirm the 
porosity trends calculated from the TGA observations. Fig. 9a presents 
the porosity results of the cement pastes at 1 day and 112 days calcu-
lated from the shades of gray of 30 images. As for the measurement of 
porosity by TGA, the measurement of porosity by SEM does not provide 
the real porosity of the paste, but a trend [29]. Real porosity cannot be 
obtained, because the threshold for calculating porosity from shades of 
gray is taken arbitrarily [30]. At 1 day, the reference showed approxi-
mately 43 % porosity. A slightly higher porosity of 43.8 % was observed 
for the sample containing the G1 graphite. The samples containing 
carbon black DC and the decolorized carbon allowed to obtain porosities 
slightly lower than the reference around 42 %. Finally, natural graphite 
G2 and activated carbon AC showed slightly lower porosities around 41 
%. Similar results were observed by Justo-Reinoso et al. [17] for the 
activated charcoal. At 112 days, porosities greater than the reference 
were observed for graphite G1 and carbon black with respective values 
of 29.7 % and 28.7 %. The other carbonaceous materials showed smaller 
differences compared to the reference, with porosities around 27.5 % 
against 28 % for the reference.

Fig. 9b shows the relationships between the compressive strength 
and the different porosity measurements performed by TGA and SEM. 
Unlike the observations made by TGA, the porosity measurements by 
SEM showed slightly larger differences between the different samples. 
This difference can be explained by the greater quantity of samples 
analyzed (30 images for the SEM against 3 samples for the TGA 

Fig. 6. TG and DTG curves of cement and cement/carbon pastes samples at 
28 days.

Fig. 7. TG and DTG curves of cement and cement/carbon pastes samples at 
112 days.
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Fig. 8. a) Hydration degree and b) porosity calculated from TGA results at 1, 28 and 112 days.

Fig. 9. a) Porosity measured form SEM images and b) cement paste porosity obtained by SEM and TGA versus mortar compressive strength.

Fig. 10. Total heat released measure by isothermal calorimetry after a) 1 day and b) 7 days. The red line refers to the cement reference mortar sample.
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measurements). Moreover, unlike TGA tests, which are based on as-
sumptions, SEM measurement of porosity is based on direct observation 
of porosity.

The compressive strength measurements of mortars are correlated to 
the porosity of cement pastes. The addition of carbonaceous materials, 
apart from industrial graphite, seems to reduce the porosity at a young 
age. However, the differences in porosity are less noticeable beyond 28 
days, which explains the same compressive strength results at 112 days. 
Moreover, for G1 graphite, the increase in porosity can be explained by 
the greater presence of air in the paste.

3.6. Isothermal calorimetry

The cement/carbonaceous material mixes were analyzed by 
isothermal calorimetry. The results of the heat fluxes measured for the 
different paste samples are presented in Fig. A4 in the Appendix. From 
the integral of the heat flux, it is possible to measure the total heat 
released for cement/carbonaceous material pastes. Figs. 10(a and b) 
respectively present the results of heat released at 1 day and 7 days for 
the various materials tested with replacements of 0.1 %, 0.5 %, 1 % and 
2 %. At 1 day, the G1 graphite showed slightly less heat release, about 
2.3 % to 4.6 % less, than the reference. This decrease in the amount of 
heat is accentuated by greater levels of G1 graphite replacement. For the 
other carbonaceous materials, greater heat releases are observed with 
increases of 3 % to 8 % depending on the carbon. Apart from decolorized 
carbon DC, the increase in the amount of heat depends on the level of 
carbon replacement. For carbon black CB, a decrease in heat release is 
observed when the quantity of CB increases. On the other hand, for 
graphite G2 and activated carbon AC, a maximum release is observed for 
replacements at 0.5 %. At 7 days, the observed heat releases are similar 
to the reference release. Only carbon black showed a slightly higher heat 
release, higher by 2 % to 5 %, compared to the reference at 7 days. These 
results indicate a greater amount of chemical reaction at 1 day for the 
G2, AC, CB, and DC carbons. Graphite G1, on the other hand, showed a 
lower amount of chemical reactions. However, at 7 days, the amounts of 
heat remain similar for the different carbons. These results confirm the 
trends observed by TGA and seem to indicate an accelerating effect.

On the other hand, except for graphite G1, reductions in the final 
setting time are observed for the other carbonaceous materials (G2, AC, 
CB, and DC). Industrial graphite G1 mix showed an increase in final 
setting time with the addition of G1. Nevertheless, these final set values 
remain in the same trend to the cement reference. The main hypothesis 
to supports the delays in initial setting time enforce that the ions 
available in the solution are captured at the surface of the carbon grains, 
which would slow down the onset of hydration. On the other hand, the 

deposition of ions on the surface of the carbon grains could possibly turn 
the carbon grains into nucleation points that would accelerate the pre-
cipitation of hydrates and to reduce the final setting time. Finally, this 
explains the greater release of heat at 1 day.

From the first derivative of the heat flow curves, it is possible using 
the method proposed by Hu, Ge and Wang [43] to estimate trends in the 
initial and final setting times of the dough. Fig. 11(a and b) present 
respectively the initial and final setting times calculated from the calo-
rimetry curves. All the carbons showed longer initial setting times than 
the cement reference. For graphite G1, activated carbon AC and carbon 
black, increases in initial setting time appears, with delay increasing 
from 15 min to 50 min, with increasing carbon replacement. Graphite 
G2 showed a decrease in initial setting time delay, decreasing from 20 
min to 15 min with increasing addition of G2. The decolorized charcoal 
showed an initial set delay of approximately 25 min for the different 
levels of replacement.

The method proposed by Berodier and Scrivener [44] can be used to 
characterize the acceleration of hydration reactions by measuring the 
slope of the heat flux curves during the acceleration period. Fig. 12a 
shows the slopes of the heat flow curves for the different carbonaceous 
materials tested with replacements of 0.1 %, 0.5 %, 1 %, and 2 %. For 
graphite G1, slopes similar to the cement reference are observed. G2 
graphite and AC activated carbon showed the largest slope increases, 
around 43 %. The decolorized carbon also showed a slope increase of 32 
%. On the other hand, for carbon black, a lower increase, of around 20 
%, was observed.

As shown in Fig. 12b, the slope values of the heat flow in the 
accelerating period were correlated with the measurements of porosity 
and compressive strength at 1 day for samples containing 2 % carbon to 
understand their effect on each other. The results showed good corre-
lations between the porosity measured at 1 day by TGA and SEM with 
the slope values. These results show that the acceleration of the setting is 
responsible for the decrease in the porosity of the dough. However, the 
porosity values were directly correlated to the compressive strengths as 
a correlation of the slope values with the compressive strengths at 1 day 
is also observable.

3.7. Calcium adsorption isotherm

This study employed an extensive array of isotherm adsorption 
models to predict different adsorption phenomena. These predictions 
were based on the equilibrium concentration of the adsorbate and the 
mass of the calcium adsorbed at equilibrium. The models utilized 
included Freundlich, Langmuir, Temkin, and Dubinin-Radushkevich 
models.

Fig. 11. a) Initial and b) final setting time measure by isothermal calorimetry. The red line refers to the cement reference mortar sample.
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The Freundlich isotherm adsorption model examines how adsorption 
occurs on uneven surfaces and considers the interactions between the 
adsorbed molecules [45]. It allows for multilayer adsorption and in-
dicates that the adsorption energy decreases as the adsorption process 
continues within the adsorbent. Mathematically, it is expressed as 
[45–47]: 

Qe = KFC1/n
e (5) 

Here, KF represents the Freundlich constant, while Ce denotes the 
equilibrium concentration of the adsorbate (mg/L). The parameter n 
signifies the non-linear degree, delineating various adsorption pro-
cesses. The reciprocal 1/n provides additional insights into the adsorp-
tion process: 1/n〈 1 signifies normal adsorption, 1/n〉 1 indicates non 
favorable adsorption [46].

The Langmuir isotherm model posits monolayer adsorption on ho-
mogeneous surfaces, without interactions among adsorbed molecules 
[45]. It suggests that the formation of a monolayer adsorbate hinders 
further adsorption, as expressed by the equation [45–47]: 

Qe =
KLQmaxCe

1 + KLCe
(6) 

Here, KL and Qmax represent the Langmuir adsorption constant and 
the monolayer adsorption capacity (mg g-1), respectively [46].

The Temkin model explicitly considers interactions between the 
adsorbent and adsorbate, depicting the heat of adsorption as a function 
of temperature [45–47]: 

Qe = βTln(Ce) + βTln(AT) (7) 

Where AT represents the equilibrium binding constant, and βT represents 
the Temkin isotherm constant.

Conversely, the Dubinin–Radushkevich isotherm articulates the 
adsorption mechanism, featuring a Gaussian energy distribution on a 
heterogeneous surface [45–47]: 

ln(Ce) = ln(Qmax) − β
(

RTln
(

1 +
1
Ce

))2

(8) 

Here, Qmax, and β, represent the theoretical isotherm saturation ca-
pacity and the Dubinin-Radushkevich theoretical isotherm saturation 
capacity, respectively. Here, T is the absolute temperature in kelvin, and 
R is the Boltzmann gas constant (8.314 J/mol K). The Gaussian energy 
distribution on the heterogenous surface can be described with the 
following equation: 

E =
1̅̅
̅̅̅̅

2β
√ (9) 

E is the energy, describing the adsorption potential [48]:
If E 〈 8 kJ/mol is chemisorption, and E 〉 8 kJ/mol is physisorption
The results from the isotherm adsorption experiments on various 

carbonaceous materials using different models reveal insights into the 
adsorption mechanisms and behaviors of these materials. These results 
are presented in Table 4.

For G1, the Dubinin–Radushkevich (DR) isotherm model shows an E 
value indicating chemisorption. The Langmuir isotherm model fits the 
data best with an R2 value of 0.945, compared to the Freundlich and 
Temkin models. This supports the hypothesis that surface chemistry 
plays a more critical role in the adsorption and accelerating effects 
observed in carbon particles than particle size or mineralogy. G2 ex-
hibits higher adsorption capacities compared to G1. The DR model 
suggests chemisorption. The Langmuir model again fits best with a high 
R2 value of 0.987, outperforming the Freundlich and Temkin models. 
This reinforces the importance of surface chemistry in determining 
adsorption behavior.

For material AC, the DR model indicates physisorption with a higher 
E value. Despite the higher Qmax value from the Langmuir model, the 

Fig. 12. a) Calorimetry slope value of cement and cement/carbon pastes. b) Calorimetry slope value on cement paste versus cement paste porosity and mortar 
compressive strength. The red line refers to the cement reference mortar sample.

Table 4 
List of calculated parameters from the Dubinin–Radushkevich, Langmuir, 
Freundlich, and Temkin adsorption isotherm models.

Carbonaceous materials

Isotherm G1 G2 AC CB DC

Dubinin–Radushkevich    
β (mol2/kJ2) 0.0087 0.0090 0.0032 0.0082 0.0027
Qmax (mol g-1) 0.0453 0.1849 0.2102 0.1091 0.1865
E (kJ/mol) 7.5636 7.4358 12.4462 7.8222 13.5433
R2 0.9504 0.9771 0.9435 0.9576 0.9777

Langmuir     
Qmax (mg g-1) 0.9641 3.8003 5.6469 2.2585 5.1575
KL (L/mg) 0.0041 0.0041 0.0433 0.0054 0.0742
R2 0.9449 0.9874 0.8349 0.9780 0.8300

Freundlich     
KF (L/mg) 0.0205 0.0740 1.3522 0.0669 1.5894
n 1.7740 1.7305 4.1615 1.9060 4.9152
R2 0.9479 0.9623 0.9619 0.9348 0.9927

Temkin 0.0000 0.0000 0.0000 0.0000 0.0000
AT (L/g) 0.0543 0.0516 1.6424 0.0536 2.8108
βT 0.1902 0.7564 0.8468 0.5011 0.7479
b (kJ/mol) 12.8079 3.2203 2.8766 4.8609 3.2573
R2 0.9355 0.8648 0.7736 0.8500 0.7964
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Freundlich model is a better fit due to its higher R2 value of 0.962. This 
suggests that surface heterogeneity is a significant factor in adsorption 
processes for this material, further supporting the emphasis on surface 
chemistry over other factors. CB exhibits moderate adsorption capacities 
with the DR model indicating chemisorption. The Langmuir model is 
most appropriate here with the highest R2 value of 0.978. This again 
underscores the critical role of surface chemistry in adsorption phe-
nomena. DC shows high adsorption capacities, with the DR model 
indicating physisorption. Despite a lower Qmax value, the Freundlich 
model is the most suitable, given its exceptionally high R2 value of 
0.993. This suggests that surface heterogeneity and interaction energies 
are pivotal, highlighting the overriding influence of surface chemistry.

In this study, the Langmuir, Freundlich, and DR models are the most 
appropriate for describing the adsorption behavior of the materials 
studied, depending on their specific characteristics and experimental 
data.

3.8. Mechanism of carbonaceous materials on cement hydration

The impact of carbonaceous materials on the hydration of Portland 
cement was studied with the compressive strength of mortar, TGA, SEM, 
isothermal calorimetry and isotherm adsorption tests. Based on these 
results, it is possible to understand at the fresh and hardened the 
mechanism of carbonaceous material on cement hydration. In the fresh 
state, the impact of the addition of carbonaceous materials on the 
rheological properties will vary depending on the size, shape and 
dispersion of the grains. If their size and shapes are similar to cement 
grains, the addition of carbon will have little impact on rheology. On the 
other hand, carbon particles of smaller size or of more angular shape will 
lead to an increase in all rheological parameters. Moreover, since the 
quality of the dispersion affects the real size of the particles, it is intuitive 
to think that a bad dispersion will decrease the yield stress and the 
viscosity of a mix due to larger agglomerated particles. The presence of 
carbon will also lead to changes in the hydration of the cement.

Fig. 13 presents a comparative analysis of the maximum adsorption 
capacities calculated using the Dubinin-Radushkevich and Langmuir 
models, plotted against the calorimetry slope value. Black squares in the 
plot indicate the Qmax values derived from the Dubinin-Radushkevich 
model. These values show a strong positive correlation with the calo-
rimetry slope value, as evidenced by the fitted dashed black trend line 
with an R2 value of 0.9139. This high R2 value signifies a robust linear 
relationship between the calorimetry slope and the adsorption capacity 
according to the Dubinin-Radushkevich model. In contrast, red squares 
represent Qmax values calculated using the Langmuir model. The 

corresponding dashed red trend line, which has an R2 value of 0.7648, 
also indicates a positive correlation with the calorimetry slope value. 
However, the lower R2 value compared to the Dubinin-Radushkevich 
model suggests a relatively weaker linear relationship.

The calorimetry slope values are linked to the filler effect and the 
acceleration effect. These results confirm the trends between the 
adsorption of calcium on the surface of the carbon grain and the 
accelerating effect. They tend to confirm the greater importance of 
surface chemistry over particle size or the mineralogy of the carbon 
particles. While several results in the literature already show that for one 
type of carbon, the finer the material, the more significant the effect on 
hydration will be, for different carbon materials, the surface chemistry is 
more crucial.

This figure demonstrates that both the Dubinin-Radushkevich and 
Langmuir models exhibit a positive correlation between the calorimetry 
slope value and the maximum adsorption capacity. With the Dubinin- 
Radushkevich model showing a stronger correlation with an energy 
value <8 kJ/mol in most cases. The DR isotherm model, characterized 
by its ability to describe adsorption processes onto porous surfaces with 
heterogeneous energy distributions, indicates the nature of adsorption 
through its mean free energy parameter [45–47]. When E is <8 kJ/mol, 
chemisorption is indicated. This supports the hypothesis that surface 
chemistry plays a more critical role in the adsorption and accelerating 
effects observed in carbon particles than particle size or mineralogy.

Fig. 14 schematically illustrates the impact of carbon on hydration 
and microstructure. In the initial state, the carbon particles only influ-
ence the rheological properties as explained above. In addition, certain 
carbons, such as industrial graphite G1, showed greater air entrainment 
in the paste. However, as shown by the calorimetry data, the initial 
setting of the cement will be delayed as ions in solution are captured by 
the chemisorption phenomenon on the surface of the carbon grains. This 
phenomenon does not depend on the crystallinity, the type of carbon, or 
the size of the particles. This suggests that the initial setting is influenced 
by surface properties and carbon chemisorption. The deposition of ions 
from the solution on the grains will thus promote the nucleation of 
hydrates on the surfaces of the carbon grains. In doing so, the increase in 
nucleation will lead to a greater precipitation of hydrates at 1 day, which 
will, in turn, accelerate the hydration of the cement. The formation of 
hydrates around the carbon grains will allow the formation of greater 
bonds in the cementitious matrix, which will affect the microstructure 
by reducing the porosity. This reduction will result in an increased 
compressive strength at 1 day. However, simultaneously, the increased 
presence of air entrained in the microstructure will conversely lead to a 
decrease in porosity. This increase will result in a decrease in mechanical 
properties. This is significantly observed with industrial graphite G1.

In the long term, since the carbon grains are not reactive, their effects 
on hydration are limited. For small amounts of carbon replacement (less 
than or equal to 2 %), their differences in porosity compared to the 
reference will decrease over the long term, which is probably due to the 
carbon grains being totally covered in hydrates and thus, may not pro-
vide additional nucleation sites. The results on mechanical performance 
also tend to confirm the previous. On the other hand, as shown in other 
studies [9,16,17], the addition of higher proportions of carbon will, 
conversely, lead to an embrittlement of the microstructure and nega-
tively impact the mechanical properties. This observation can also be 
explained through the same mechanism. With a higher carbon content, 
more ions in solution were absorbed which created a delay in hydration 
as observed by Dutta, Bordoloi and Borthakur [16] leading to an 
increased porosity and decreased mechanical properties as shown by 
Justo-Reinoso et al. [17]. Qu et al. [13] also observed on carbon spots in 
cement, which suggests that this mechanism may extend to 
carbon-based nanomaterials such as graphene or graphene oxide.

The utilization of carbonaceous materials in cementitious systems, 
despite the modest benefits observed, can be of significant interest for 
specific applications. These materials are often explored for their ability 
to enhance certain functional properties of concrete, such as electrical 

Fig. 13. Calorimetry slope values vs theorical maximum Calcium adsoprtion 
for DR and Langmuir isotherm models.
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conductivity [37], which are critical in advanced construction technol-
ogies. Although the direct impact of these materials on hydration and 
mechanical properties might appear limited, especially at low dosages, 
they play a crucial role in influencing the microstructure and early-age 
performance of the concrete. Additionally, in cases where unintentional 
contamination by carbonaceous materials might occur—such as through 
impurities in supplementary cementitious materials (SCMs)—under-
standing their effects becomes essential for ensuring the quality and 
reliability of the concrete. Thus, the investigation of carbonaceous ma-
terials at low dosages provides valuable insights into optimizing their 
use and mitigating potential adverse effects in practical applications.

4. Conclusion

This study investigated the effect of adding carbonaceous materials 
at low dosage on cement hydration through different techniques such as 
compressive strength mortar, TGA, SEM, isothermal calorimetry and 
rheology. These tests studied the influence of carbonaceous materials’ 
properties on cement hydration. Based on the results presented, the 
following concluding remarks are drawn:

a. Carbon addition generally increases the water demand of cementi-
tious materials. These increases were characterized through an in-
crease of yield stress and plastic viscosity due to different parameters 
such as particle size, particle shape, and level of dispersion dictate 
the level of water demand.

b. The presence of carbonaceous materials showed greater air 
entrainment in the mortars by 2 %. However, G1 industrial graphite 
showed greater air entrainment with increases of up to 4 %. In this 
study, it was not possible to correlate the increases in the amount of 
air to the proportions of carbon replacement. In addition, the precise 
cause of this increase in the amount of air remains undetermined at 
the moment.

c. With the exception of industrial graphite G1, the various carbona-
ceous materials showed an acceleration of setting after 1 day by fa-
voring the nucleation of hydrates which reduces the porosity and 
improves the mechanical properties. On the other hand, traces of this 
acceleration are no longer visible beyond 28 days.

d. The accelerating effect of carbons appears to be independent from 
crystallinity, mineralogy, or particle size, but rather on surface 
chemistry and quality of particle dispersion.

e. The accelerating effect of carbons was more significant for activated 
carbon AC, decolorized carbon DC, and natural graphite G2. Carbon 
black showed a significant acceleration of hydration for replacement 
levels lower or equal to 0.5 %. However, the accelerator effect was 
not observed on industrial graphite G1 or on carbon black, with a 2 % 
replacement.

f. In the calcium adsorption tests, both the Dubinin-Radushkevich and 
Langmuir adsorption models display a positive correlation between 
the calorimetry slope value and the maximum adsorption capacity. 
The Dubinin-Radushkevich model, however, shows a stronger cor-
relation. This finding supports the hypothesis that surface chemistry 
is more critical in influencing the adsorption and accelerating effects 
in carbon particles than particle size or mineralogy.
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Appendix

Figs. A1, A2, A3, A4, A4, A5, A6

Fig. A1. XRD patterns of carbonaceous materials tested. The y axis scale has different scale for graphite G1 and G2.
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Fig. A2. Secondary electron images of carbonaceous materials grains: a) industrial graphite G1, b) natural graphite G2, c) commercial activated charcoal, d) carbon 
black, and e) decolorized charcoal.

Fig. A3. Binary image of cement mortar (left) and cement with 2 % graphite G1 addition (right).
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Fig. A4. Isothermal calorimetry curves of cement and cement/carbon pastes.

V. Brial et al.                                                                                                                                                                                                                                    Cement 18 (2024) 100118 

16 



Fig. A5. Compressive strength of mortar samples a) graphite G1, b) graphite G2, c) Activated charcoal AC, d) carbon black CB, e) decolorized charcoal DC at 1, 7, 28 
and 112 days.
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Fig. A6. Isotherm adsorption results for a) graphite G1, b) graphite G2, c) Activated charcoal AC, d) carbon black CB, e) decolorized charcoal DC.
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