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A B S T R A C T   

Studies have demonstrated that a minute quantity of graphene is sufficient to boost cement characteristics, but 
the attainment of good dispersion and uniformity of the resultant graphene-cement mixture remains a challenge. 
To alleviate these challenges, this study proposes a low-energy powder-to-powder homogeniser for dispersing 
reasonably large quantities of graphene powder into cement powders. Microscopic analysis of graphene 
dispersion from two samples (1% and 0.02% graphene) at 5x, 10x and 20x objectives revealed that graphene 
accounts for 1.3% and 0.09% over the cement area respectively, which is relatively uniform across all selected 
samples. Furthermore, four different dosages of graphene were used to validate the impacts of various pro-
portions of graphene, i.e., 0%, 0.02%, 0.04% and 0.06% (by mass of cement) on two types of cement (i.e., 
Portland cement CEM I 52.5 N and Portland cement CEM II 42.5 N) which also revealed compressive strength 
increases up to 25% at 7 and 28 days.   

1. Introduction 

Concrete is universally regarded as the most consumed man-made 
material on earth [1]. The inherent benefits of strength, resilience, 
durability, and accessibility that are attributable to concrete have made 
it a cornerstone of infrastructure development including roads and 
railways for transportation, dams for energy and irrigation, buildings for 
shelter, etc. Typical concretes are composed of different proportions of 
water, cement, sand, and aggregates, among which, cement is the hy-
draulic binder that holds the other components together, thereby mak-
ing it an inevitable constituent. Cement is produced in over 150 
countries with a current global demand of approximately 4.1 billion 
metric tonnes per year and expected to rise by 12–23% by 2050 [1], due 
to the economic buoyancy of several developing countries as well as the 
increased need for reconstructions due to internal displacements 
(especially in Sub-Saharan Africa, the Middle East, and Eastern Euro-
pean regions) arising from conflicts. In recent years, China has 
accounted for approximately 52% of the world’s cement production 
(approximately 2.1 billion metric tonnes), followed by India at 

approximately 6.2% (approximately 381 million metric tonnes), then 
the USA with approximately 1.9% (approximately 95 million metric 
tonnes) [1]. Africa and Europe respectively contributed approximately 
5% and 5.3% to the global cement production [2–4]. 

Despite the undeniable relevance and global accessibility of cement, 
its manufacturing process currently accounts for almost 8% of the global 
CO2 emissions [3] owing to low resource efficiency, especially during 
the decarbonisation of limestone to produce calcium-rich clinker under 
high temperatures, with typical clinkerisation temperature reaching 
1300–1450 ◦C in rotary kilns. It has been estimated that cement oper-
ations in general contribute immensely to environmental impacts, being 
accountable for 5–8% of anthropogenic greenhouse gas (GHG) emis-
sions [5,6]. Approximately 50% of the CHG emissions from cement 
operations are directly linked to the chemical processing of the raw 
materials, while 40% are associated with the burning of fuel to power 
the process, electricity accounts for 5% and transportation accounts for 
the remaining 5% [2,3]. The culmination of these also results in high 
geogenic CO2 emissions [7,8]. Studies [4] have argued that if this 
emission rate continues, the global mean surface temperature by 2100 
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could rise by as much as 2 ◦C to 4.8 ◦C when compared to the 
pre-industrial era. Furthermore, air emissions of sulphur oxides, nitro-
gen oxides, and particulate matter are additional sources of health 
concerns to humans and other living organisms [9,10]. 

To curb the high rates of carbon emission and energy-intensiveness 
of cement manufacturing processes, various optimisation alternatives 
have been explored in the past decades, especially related to equipment, 
processes, and raw materials [11–16]. Notable examples of equipment 
upgrades include the introduction of grate coolers as substitutes for 
traditional planetary coolers; replacement of tower preheaters with 
suspension preheaters or pre-calciners; replacement of horizontal ball 
mills with vertical roller mills and/or roller presses; replacement of 
electrostatic precipitators with baghouse filters and the gradual phasing 
out of long wet kilns [11–13]. With regards to raw materials, it is now 
common for cement plants to introduce supplementary cementitious 
materials (SCMs) such as pulverised fly ash, natural pozzolans 
(including clays, shale, and some forms of sedimentary rocks), silica 
fumes, blast furnace slag, fly ash, volcanic ash, or inert additives such as 
limestone to better optimise their clinker-to-cement ratios [11–14]. 
Though capital-intensive, the combined effects of these earlier initia-
tives have led to immense reductions in CO2 emissions over the last three 
decades [17]. While these are very impressive accomplishments, un-
fortunately, they are still inadequate owing to the significance of the 
residual CO2 emission rates, which in turn threatens the environmental 
sustainability of this crucial industry. 

Based on these premises, research endeavours have been recently 
directed towards introducing new supplementary materials that can 
help reduce the overall embodied energy and CO2 in concrete through 
reductions in the amount of cement required while at the same time 
maintaining/boosting strength. One of such proliferating class of ma-
terials is carbon-based nanoscale materials such as graphene, owing to 
their unique surface area and superior strengths. Several studies [18–20] 
have argued that graphene can enhance the mechanical properties of 
cement composites, owing to its peculiar ability to regulate cracks at 
nanoscales before they propagate to micro- and meso-scales [21–25]. 
More impressively, several studies have reported that the addition of 
minute proportions of graphene to cementitious materials could 
immensely enhance their functionality, thereby creating avenues for 
reducing the quantities of cementitious materials required, which could 
in turn boost sustainable development. For example, Bai et al. [26,27] 
reported that the addition of 0.1 wt% of graphene can enhance 
compressive strength by as much as 16%. Liu [28] also reported 14.9%, 
23.6%, and 15.2% enhancements in 7-day compressive, flexural, and 
direct tensile strengths respectively, with 0.025 wt% graphene sheets. 
Similarly, the compressive and flexural strengths of cement composites 
that contained 0.06 wt% were reported to rise by 11.0% and 30.6% 
respectively, when compared with pure cement [29]. Ho [30] also 
highlighted that the 28-day compressive and tensile strengths of con-
crete respectively increased by 34.3% and 26.9% with the addition of 
0.07 wt% graphene. 

Previous studies [26–28] have vehemently reported very encour-
aging outcomes (especially concerning enhanced compressive strengths) 
because of the incorporation of graphene; however, the dispersion of 
graphene into cement composites continues to pose challenges that can 
potentially be addressed by optimising graphene dispersion. The 
established approaches for dispersing graphene in cement composites 
are through dry dispersion, wet dispersion with ultrasonication, and wet 
dispersion without ultrasonication [31]. The current dry dispersion re-
gimes entail powder-to-powder (P2P) mixing of graphene and cement in 
a concrete mixer or high-speed shear mixer for extended periods. 
However, studies [31,32] have described this approach as ineffective 
due to the extended mixture residence times, lack of real-time control 
mechanisms for the mixing process, and the formation of slip planes. The 
wet dispersion of graphene without ultrasonication involves the use of 
mechanical stirring mechanisms to initially disperse graphene in water 
and superplasticiser, after which the graphene-water-plasticiser solution 

is mixed with dry cement. Similarly, this approach has been criticised 
because of the inability of the electrostatic repulsion forces generated by 
the superplasticiser to exfoliate monolayer of graphene from stacks of 
graphene, which in turn leads to poor dispersion and compromised 
mechanical performance [31]. In the ultrasonication-based wet disper-
sion of graphene, superplasticiser is incorporated to weaken the van der 
Waals force between graphene sheets to enhance dispersion into the 
water, after which the backbone of superplasticiser molecules absorbs 
on the surface of the graphene sheets [33–35]. More recently, the 
ultrasonication-based wet dispersion of graphene has been prioritised by 
most studies, owing to the impressive mechanical characteristics of the 
mortar and concrete samples that it can create [31]. For instance, it has 
been shown to enhance the compressive and flexural strengths of mortar 
[31,36] and concrete [37,38] samples by approximately 20% and 40% 
respectively, but the negative charges of the side chain of super-
plasticiser molecules have been shown to create electrostatic repulsion 
forces that lead to the opposition of graphene sheets [39,40]. Further-
more, the ultrasonication-based wet graphene dispersion approach re-
quires a significant amount of energy to address the challenges of 
sonicated graphene flakes from restacking and re-agglomerating when 
dispersing concentrated graphene, thereby making the process very 
costly and unfriendly to the environment [41]. The required time (up to 
5 hours) and mixing volume (mostly less than 5 l) makes it impractical 
for industrial applications. 

To improve the cost-effectiveness of ultrasonication-based wet gra-
phene dispersion by reducing the energy demand of the associated 
processes, a more recent study by Dung et al. [42] proposed the adoption 
of aqueous graphene, which is an intermediate product of the electro-
chemical exfoliation of graphene powder that primarily contains 80% 
and 20% of water and graphene powder respectively. The aqueous 
graphene generated from this process is then applied in paste form, 
without the need for extensive drying, thereby reducing environmental 
impacts and cost of processing while still enhancing dispersion. As 
impressive as the potential benefits of aqueous graphene are to overall 
energy and cost reduction, the amount of water (80%) required for its 
processing is still very significant especially if this approach is to be 
incorporated into the regular production of cement composites. There 
may also be a need for significant operational process modifications 
(especially the handling and drying of the additional moisture content) 
if aqueous graphene is to be integrated into the conventional cement 
manufacturing process, which may lead to an offset in its anticipated 
cost benefits as well as impede the realisation of sustainable develop-
ment goals such as clean water and sanitation (SDG6); responsible 
consumption & production (SDG12); climate action (SDG13); and life 
below water (SDG14). 

Therefore, the overarching aim of this study is to experimentally 
explore the viability of a low-cost, low-energy purpose designed, and 
built homogenisation approach for powder-to-powder (P2P) dispersion 
of graphene in cement. The P2P dispersion method could potentially 
produce a large batch of uniformly distributed graphene-cement mixture 
within a few minutes. The realisation of this aim is also linked to four 
closely aligned objectives, which are thoroughly addressed within 
different sections of the paper. Objective 1 will focus on the examination 
of P2P dispersion mechanisms that are available in practice and within 
the literature to understand their strengths and limitations, especially 
concerning the characteristics of powders handled (e.g., powder type, 
powder particle size, powder flowability, etc.) and energy-intensiveness 
of the process. Objective 2 will describe the design, mode of operation, 
and peculiarities of the proposed P2P graphene-cement dispersion 
mechanism. Objective 3 will be dedicated to experimentally testing the 
mechanical performance of the graphene-cement produced from the 
proposed P2P dispersion approach through the implementation of 
scanning electron microscopy (SEM) In Objective 4, an assessment of the 
large-scale deployment of the process will be conducted, including an-
alyses of the least intrusive cement operation locations for incorporating 
the process, potential occupational safety & health (OSH) implications, 
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as well as the key variables to consider when modelling the costs asso-
ciated with such integrations. 

2. Overview of existing dry raw materials dispersion 
mechanisms in cement operations 

The cement manufacturing process relies heavily on the homogeni-
sation of different raw materials so that the uniformity indexes of the 
outputs at successive process stages can be optimised, thereby 
enhancing the likelihood of producing highly reactive cement compos-
ites at competitive prices. Homogenisation in a typical cement operation 
commences from the raw materials extraction and preparation stage, 
whereby the major constituents such as limestone, alumina, sand, and 
iron ore, extracted as boulders from the quarry, are initially fed into 
crushers primarily for size reduction. However, the rotary actions from 
such crushers create a secondary blending action before the outputs 
(also known as a raw mix) are carefully layered into stockpiles, whereby 
segregation occurs because of fine particles being deposited at the cen-
tral parts of the pile, while the coarse materials occupy the surface and 
lower parts of the pile. A reclaimer rake then cuts across the face of 
individual layers of the stockpile to ensure a good representation of 
different constituents of the raw mix before drying, grinding, and mill-
ing in the raw mills to produce raw meals. Further homogenisation of 
the raw meal then occurs within the blending silos, before their intro-
duction to the rotary kilns for pyro-processing and clinkerisation. The 
final stages of homogenisation within most cement operations occur 
within the cement mills when clinker and other additives (including 
gypsum and SCMs) are milled, and within the cement silos through 
aeration. Previously, wet process cement operations were highly desir-
able, owing to the ease with which high raw mix uniformity is realisable 
through slurry homogenisation. However, the wet and semi-wet pro-
cesses are associated with very high heat consumption, especially when 
drying the slurry within the rotary kilns, which in turn triggered 
exploration into powder-to-powder (P2P) homogenisation approaches 
for raw mix within the fields of aerodynamics and pneumatics [41,42]. 
According to Pernenkil and Cooney [32], the dispersion of key compo-
nents within a mixture is a function of segregation intensity while the 
magnitude of segregation reflects the correlation of the composition of 
such key constituents per unit of time (if homogenisation is continuous) 
or per unit space (if homogenisation process is conducted in batches). 
Therefore, the fundamental purpose of good P2P homogenisers is to 
minimise the magnitude and intensity of segregation between the 
different constituents of a mixture [43,44]. An earlier study by Lacey 
[45] has already demonstrated that even the best physical homogenisers 
can only be optimised to achieve random mixtures, as it is impracticable 
and too costly to achieve perfect mixtures due to challenges associated 
with creating the perfect balance between segregation intensity and 
magnitude. 

The current study is based on the premise of a novel P2P homoge-
nisation approach for graphene and cement powders, that would be 
capable of achieving a reasonably random mixture for enhanced reac-
tivity of the resultant graphene-enhanced cement (Gr-CEM). Hence, it 
was useful to initially examine the strengths and limitations of the most 
popular P2P homogenisers within the literature and practice. Table 1 
provides a summary of the operating principles for different P2P 
homogenisers as well as the characteristics of the powders handled 
especially particle size and flowability. Although the summary indicates 
that a wide range of powders with different sizes have been adequately 
homogenised via P2P mechanisms, there are at least three drawbacks 
with regard to the specific needs of Gr-CEM. Firstly, none of the existing 
approaches (either in theory or practice) has been used to handle large 
volumes of materials at nanoscales such as graphene. Secondly, most of 
the existing P2P homogenisers are dynamic in nature due to the incor-
poration of rotating components, which is detrimental to energy opti-
misation and maintenance costs. Thirdly, most of the existing 
homogenisers are designed for continuous operations which limits the 

operational flexibility of cement plants, especially during the current 
age of stringent market competition whereby manufacturers are aiming 
to segment their markets as much as possible. However, since only tiny 
quantities of graphene (usually ≤0.1% by weight) are required at any 
given time, a batch P2P homogeniser may be preferred to better opti-
mise operational time and costs. Based on these premises, the proposed 
innovative P2P blending approach is a static pneumatically controlled 
batch homogeniser (SPCBH) and further details about its configuration 
are provided in Section 3. 

3. Research methodology 

This section describes the main attributes of the proposed SPCBH and 
its mode of operation. Furthermore, the physical and chemical charac-
teristics of the blended powders (i.e., graphene and cement) were also 
provided, especially particle sizes, specific surface area, and the per-
centages of main and trace constituents. 

3.1. Description of the proposed SPCBH for P2P dispersion of graphene in 
cement 

Within the last four decades, cement operations have witnessed 
significant advancements in the field of aerodynamics and pneumatics, 
especially regarding designs of material transport and homogenisation. 
However, irrespective of whether the traditional mixing chamber silos, 
air-merge or cone compartment silo design is adopted, a common de-
nominator for their operations is the availability of semi-permeable 

Table 1 
Summary of historical studies on P2P homogenisers and the main attributes of 
the materials handled.  

Homogeniser Type Powder References 

Type Attributes Particle 
Size (μm) 

Rotating drum Sand Free 
flowing 

355–420 [46,47] 

Limestone Free 
flowing 

40–200 [48,49] 

Dry powder Free 
flowing 

335 [50] 

Lignite Free 
flowing 

9600 [50] 

Zircon and 
coal  

1700 [50] 

Rice and oats Free 
flowing 

2000 [50] 

Coal Free 
flowing 

500–20000 [50] 

Glass beads Free 
flowing 

3000 [50] 

Rotating drum with 
double helical 
ribbon 

Copper Free 
flowing 

10–85 [51,52] 

Rotating drum with 
double auger 

Silica flour Cohesive 50 [32,53] 

Rotating drum with 
bow-tie helical 
static 

Coarse sand Free 
flowing 

700 [32,53] 

Rotating drum with 
vibrating rotating 
paddle 

Granular 
sugar 

Free 
flowing 

450 [32,53] 

Rotating drum with 
horizontal double 
shaft 

Aluminium 
hydroxide 

Cohesive 27–71 [32,54] 

Rotating drum with 
double concentric 
helical shaft 

Silicon 
carbide 

Free 
flowing 

0.05–2.3 [32,54] 

Rotating drum with 
ploughshare 

Crushed 
maize 

Free 
flowing 

370 [32,55] 

Static Lucite Free 
flowing 

3175–5770 [56]  
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aeration units that direct air from compressors or blowers into the 
mixture for P2P fluidisation. In most existing designs, the aeration units 
deliver air to the mixture from the base of the silo to initially loosen the 
mixture and then reduce segregation via violent turbulent flow. Simi-
larly, the simplified and energy-efficient P2P homogeniser used to 
generate the Gr-CEM employed here is a cylindrical vessel with four air- 
locked quadrants at the bottom. Primary mixing air is injected into the 
bottom of the cylinder via base quadrants to provide initial agitation, as 
well as to mitigate against dead material. Secondary air from two mini- 
scale root blowers was additionally introduced from multiple locations 
along the circumference of the cylinder to create violent turbulence to 
randomise the mixture. Owing to the very small graphene-to-cement 
ratio required for the experiment, a batch mixing approach is consid-
ered ideal as this will enable organisations that wish to adopt this 
approach to retain a variety of products, especially those products (e.g., 
Portland cement CemI 52.5 N and Portland cement 42.5 N) that are 
already popular to their most prominent client base. Each batch was 
operated for approximately six minutes. Fig. 1 depicts a schematic 
representation of the proposed P2P homogeniser for better clarity. 

3.2. Raw materials preparation 

In this study, Portland Cement (PC) CEMI 52.5 and CEMII 42.5 N, 
which are commercially available within the market. The main chemical 
components within both cement classes that facilitate the formation of 
C-S-H hydration products are CaO, SiO2, and Al2O3, although there are 
other minor elements as shown in Table 2. The particle size of cement 
powders is mainly within 1–10 µm with a typical surface area of 
362 m2/kg. The studies by Ferraris et al. [57], and that by Martínez-A-
lanis and López-Urías [58] provide details of the particle size distribu-
tion of typical Portland cement. 

The graphene used in this study was of 20 µm diameter and its par-
ticle size distribution and the corresponding 2D geometries are shown in  
Fig. 2 and 3. More specifically, Fig. 3 shows a normalised, average of a 
100-point Raman map, which was obtained by a Confocal Invia Qontor 
Raman. The graphene was pressed into a pellet then the Raman map was 
taken over the surface of the pellet. The transparency of the graphene 
platelets observed in the TEM analysis confirms that the PureGRAPH™ 
product range contains high levels of Few-Layer Graphene platelets. The 
typical number of layers for PureGRAPH™ 20 graphene product (i.e., 
20 µm diameter type used in this study) is 10–15. 

4. Experimental validation 

To prove the concept and validate the uniform dispersion of gra-
phene in cement materials, the microscopic analysis was used to observe 
the distribution of graphene in cement dust samples with quantification 
of graphene proportion by the post-imaging process. Flow table tests and 

compression tests were also carried out to measure the flowability and 
compressive strengths of the mortar pastes which used the conventional 
Ordinary Portland Cement (OPC) and Gr-CEM cement. 

4.1. Microscopic analysis 

Two samples with 1.00% and 0.02% of graphene were prepared for 
microscopic analysis. These samples were positioned between dual glass 
slides and observed using a Nikon Eclipse LV100N POL microscope, 
equipped with a 10x magnification objective. To ensure a standardized 
selection of observation areas, the filter elements were methodically 
folded twice, selecting four distinct areas from the central part of each 
fold for each sample, as shown in Figs. 4a and 4(b). Within each chosen 
area, nine discrete zones were systematically photographed using a 
Nikon DS-Fi2 camera, sequentially labelled from zone 1–9, as depicted 
in Fig. 4(c), ensuring an equitable distribution across the area under 
investigation. Optical imaging analyses were conducted using Avizo 
software (Thermo Fisher Scientific, USA), aiming to quantitatively 
assess the ratio of graphene and cement within the samples. A median 
filter (square 10) was used to reduce image noise. An interactive 
thresholding module was applied to the filtered image and the different 
materials were selected according to their grayscale. Graphene has the 
lowest reflectivity, followed by cement, and, hence, they can be 
discriminated (Fig. 5). The volume fraction module of the software was 
then utilised on the segmented images to ascertain the volumetric pro-
portions of graphene and cement. The intensity threshold for graphene 
was incrementally adjusted (±1) to estimate measurement un-
certainties. For instance, with an initial intensity range set between 
0 and 3 for graphene, volume fractions were computed across the ranges 
of 0–3, 0–2, and 0–4, thereby yielding an average value and associated 
errors. According to these calculations, the 1% graphene sample man-
ifested an average graphene content of 0.9 ± 0.1%, whereas the 0.02% 
graphene sample demonstrated a graphene composition of 0.04 ±
0.01% within the cement matrix, as summarised in Table 3. The results 
indicate two key messages: (a) OSH measures should be implemented to 
avoid the absorption of graphene during the processing of the graphene- 
cement mixture as graphene could leak out with cement from the flui-
dised bed; and (b) the dispersion of graphene is relatively uniform in 
cement across all the samples collected. 

4.2. Mechanical properties and workability 

Four different dosages of graphene were considered to validate the 
effects of different proportions of graphene, i.e., 0%, 0.02%, 0.04% and 
0.06% (by mass of cement). Two types of cement were used: Portland 
cement CEM I 52.5 N and Portland cement CEM II 42.5 N, which were 
supplied by one of the largest cement manufacturers in the UK. The sand 
is ISO Standard sand (i.e., CEN EN 196–1 natural sand that is mostly 
siliceous and contains clean particles that are isometric and rounded in 
shape). The water/cement ratio and the sand/cement ratio are consis-
tent across the specimens, as shown in Table 4. The Gr-CEM powder was 
mixed with sand for one minute before adding water. After mixing for 
two minutes, the mortar was cast in 50 mm cubic moulds. The casting 
samples were consolidated by a vibrating table and finished by a trowel. 
They were demoulded after 24 hours of casting and cured in water 
before testing. 

The flow table tests were conducted before casting according to 
ASTM C230/C230M-21 [59]. The compression tests of the 50 mm cube 
were conducted to obtain the 7-day and 28-day strengths according to 
ASTM C109/C109M-20 [60]. Compressive strength tests were carried 
out by an Instron 350 kN machine operated at a loading rate of 
0.4 MPa/s. The average value was calculated and reported based on 
three measurements. Table 5 compares the workability obtained from 
flow table tests between the control sample (CS), Gr0.02%, Gr0.04% and 
Gr0.06% samples. The results indicate that the incorporation of a tiny 
amount of graphene does not have clear effects on the flowability of the Fig. 1. Static pneumatically controlled batch homogeniser.  
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mortar paste; the differences in flowability of all samples are within 
15%. 

A comparison of the compressive strengths between the control 
sample and graphene-cement samples at 7 and 28 days is presented in 
Table 5. When using a small amount of graphene (<0.06%), the flow-
ability of the mortar samples is not affected. The compressive strength of 
both CEM I and CEM II mortar samples improved when graphene was 
added. This could be attributed to the role of nucleation seeding of 
graphene to facilitate the hydration of cement particles and stimulate 
the formation of cement hydration products. Both CEM I and CEM II 
samples showed a consistent increase in compressive strengths after 7 
and 28 days. Fig. 6 shows the effects of graphene dosage on the 
improved compressive strength of mortar samples. When as little as 
0.02% graphene was utilized, the strength improvement achieved by 

mortar samples with CEM I cement without any additive was higher 
than those achieved by CEM II cement containing some additives. For 
both CEM I and CEM II samples, graphene content was optimal at 0.04%. 

Furthermore, Fig. 7(a) and (b) present the heat flow and cumulative 
heat for all samples. The initial stage (up to 0.2 hours) for all samples 
involved dissolution and nucleation processes that began immediately 
after mixing with water. This was followed by an induction period with 
minimal heat release (0.5–3 hours for CEM I and 2 hours for CEM I + Gr 
0.06%, CEM II, and CEM II + Gr 0.06% samples). During this period, 
dissolved ions accumulate to facilitate further nucleation and cement 
hydrate formation. The final stage (after 3 hours) is characterized by the 
acceleration and deceleration periods of hydration, with a correspond-
ing high heat release due to nucleation, growth, and precipitation of 
reaction products. For CEM I, the inclusion of graphene in CEM I + Gr 
0.06% sample resulted in several key observations. Significantly higher 
peaks were associated with both the dissolution/nucleation and accel-
eration/deceleration processes, as well as a shortened induction period 
compared to the CEM I sample. These results demonstrate an enhance-
ment in hydration due to graphene introduction. This suggests that 
graphene within the pore space actively stimulates cement hydrate 
nucleation, facilitating the dissolution of cement particles at early 
stages, ultimately leading to higher cement hydrate nucleation and 
growth in the long term. The blend of ordinary Portland cement with 
other additives in CEM II samples improved their dissolution and 
nucleation compared to CEM I. Consequently, the role of graphene in 
enhancing these processes for CEM II was less pronounced than for CEM 
I. Nevertheless, the 0.06% graphene inclusion still resulted in the 
highest initial peak among all CEM II samples. Fig. 7(b), the cumulative 
heat plot, confirms a higher reaction degree for cement with graphene, 
especially for the CEM I sample. Additionally, the potential impact of 
graphene addition on the bulk densities of the resultant Gr-CEM I and 
Gr-CEM II via the proposed P2P method was also examined using two 
distinct experimental methods (i.e., Pycnometer/density cup and 
measuring cylinder methods) for cross-validation. For illustrative pur-
poses, the experimentally determined bulk densities of CEM I (without 
graphene) and CEM II (without graphene) samples were compared with 
the bulk densities of Gr-CEM mixes with the highest dosage rates of 
graphene (i.e., CEM I + Gr 0.06% and CEM II + Gr 0.06%). Based on the 
examined samples, there were no significant differences in the resultant 
bulk densities as a result of the incorporation of graphene using the P2P 
method as shown in Table 6. The maximum difference between the bulk 
densities for all 4 samples is only 0.02 g/cm3 for the Pycnometer/den-
sity cup method and only 0.04 g/cm3 for the measuring cylinder 
method, which is all within the recommended ±5 accuracy levels. 

5. Industrial viability analysis 

Experimental results have already depicted significant enhance-
ments in the compressive strength of the graphene-cement created from 
the proposed P2P homogenisation approach. However, the efficacy of 
any research endeavour is usually assessed based on how quickly and 
seamlessly the lessons learned from such theoretical and experimental 
investigations can be deployed to the industry for alleviating real-life 
challenges. Therefore, this section describes scenarios by which the 
P2P graphene-cement can be produced on a large scale within a cement 
manufacturing plant. Additionally, the possible enhancers and barriers 
associated with each scenario were highlighted to provide a holistic 

Table 2 
Typical chemical compositions of the cement samples used in this study.  

Type of cement Composition (%) 

CaO SiO2 Al2O3 MgO Fe2O3 K2O Na2O Free CaO EqNa2O SO3 Cl 

CEMI 52.5  64.53  19.64  5.52  1.01  2.58  0.68  0.22  1.53  0.68  3.55  0.053 
CEMII 42.5 N  63.94  19.55  5.41  1.14  2.86  0.65  0.27  2.08  0.54  3.5  0.058  

Fig. 2. Size distribution of graphene particles measured by Laser Diffraction 
Particle Size Analysis (a) percentage in volume (b) cumulative percentage 
in volume. 
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picture of the product’s route to market. 

5.1. Product handling and operational flexibility 

Four P2P operational scenarios (OS1-OS4 in Fig. 8) were considered 
for large-scale industrial deployment within an all-integrated cement 
manufacturing process and in each scenario, implications on operational 
flexibility, occupational H&S and costs were examined. Fig. 8 is an 
abridged flow diagram for a cement manufacturing process, with 
particular emphasis on clinker (the hydraulic binder in cement 

compounds) production and grinding in the rotary kiln and cement ball 
mill respectively. In P2P operational scenario 1 (OS1), graphene will be 
injected into the cement manufacturing process via the cement mill inlet 
alongside other additives (e.g., gypsum and other SCMs) where it will be 
further pulverised and mixed with other materials before being trans-
ported to the cement storage silos via the cyclone separator, bag house 
or electrostatic precipitator, pneumatic pumps or other mechanical 
conveying systems and pipework. In terms of investment and opera-
tional requirements, this scenario is the path of least disruption to pro-
duction setup because the required quantities of graphene can be easily 

Fig. 3. 2D geometries of graphene particles in SEM images.  
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added with minimal physical modification to the operational layout of 
the cement plant, which could make it cheaper in the short term. 

Despite the ease of dry graphene injection through OS1, it poses 
challenges to process control on several fronts. Firstly, it is impossible to 
control or guarantee the uniformity of graphene-cement mix through 
OS1, due to the one-pass air-swept nature of most cement grinding mills 
which could lead to the segregation of graphene particles. Secondly, OS1 
has a long transmission path, which implies a higher possibility of gra-
phene particles being trapped on intricate parts of intermediate process 
equipment along the pathway. Thirdly, OS1 has a higher risk profile 
because more people (e.g., cleaners, inspectors, maintainers, etc.) could 
be exposed to nanomaterials at the different intermediate process 

equipment. Fourthly, cement plants with a single cement storage silo are 
restricted to producing a single type of cement at every given instance, 
which in turn limits operational flexibility and product diversification. 
In P2P operational scenario 2 (OS2), graphene will be injected down-
stream of the cement mills via the cyclone separator to slightly minimise 
the transmission path and fewer contact surfaces between graphene 
injection and graphene-cement extraction points, thereby reducing 
graphene losses and the number of people exposed to nanomaterials. 
Despite the potential benefits of OS2, it would encounter some of the 
challenges associated with OS1, particularly the segregation of graphene 
due to limited residence time control mechanisms for the graphene- 
cement mix and poor product diversification. Furthermore, unlike in 

Fig. 4. Sample preparation. (a) 1.00% graphene sample and selection of four areas. (b) 0.02% graphene sample and selection of four areas. (c) The zones captured 
from studied areas in 1% and 0.02% sample. Nine zones evenly dispersed across a given area. 

Fig. 5. Optical image analysis. (a) Optical image of graphene and cement. Image from area 4, zone 1, 0.02% sample. (b) Segmented graphene in black, cement in 
green and mask in white. 
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OS1 where graphene can be simply added alongside other additives 
through existing storage hoppers and feed systems, new air-tight feed 
chutes or spouts will need to be created on the cyclone for graphene 
injection. 

To alleviate the operational limitations of OS1 and OS2, this study 
emphasises the adoption of OS3 whereby the novel purpose-designed 
and built low-energy homogeniser is connected in-line to the cement 
dispatch pipework after the cement storage silo, if the considered 
cement process is only furnished with a single silo thereby ensuring the 
retention of the existing proprietary product as well as the new 
graphene-cement. However, if a cement process has multiple storage 
silos, OS4 could be considered. OS4 is an option to install the low-carbon 
homogeniser before the silos, whereby different products (e.g., OPC and 
graphene-cement) can be fed into dedicated silos via diverter mecha-
nisms. More importantly, graphene will be better dispersed in cement 
via OS3 and OS4 (as demonstrated by the results of the microscopic 
analysis shown in Fig. 5) since all the critical operations parameters 
(including residence time, airflow rate, air volume, speed, etc.) associ-
ated with the mixing process are much more controllable. The ability to 
control the residence time also implies that more randomised graphene- 
cement mixtures can be generated, which is crucial for reactivity (which 
determines the attainment of attributes such as enhanced strengths) and 
overall P2P blending efficiency. Although the implementation of OS3 
and OS4 would require some initial capital expenditure (CAPEX), 
however, this could be offset by the potential savings on operational 
expenditure (OPEX) due to significantly low energy consumption, low 

Table 3 
The quantification of percentage of graphene over cement in the studied samples.  

1.00% graphene sample  

Percentage of graphene over cement in the sample 

Zones Area 1 Area 2 Area 3 Area 4 

a b c a b c a b c a b c 

1 1.0 1.3 0.8 0.3 0.5 0.3 0.7 0.8 0.7 1.7 1.8 1.6 
2 1.8 2.1 1.6 0.8 1.0 0.7 1.7 1.8 1.6 0.4 0.5 0.3 
3 1.6 1.8 1.5 0.5 0.6 0.5 1.4 1.5 1.4 1.4 1.4 1.3 
4 0.5 0.6 0.5 1.5 1.7 1.3 0.9 1.0 0.9 0.6 0.6 0.5 
5 1.3 1.4 1.2 0.9 1.0 0.4 1.3 1.4 0.7 0.4 0.4 0.3 
6 1.1 1.2 1.0 0.6 0.7 0.6 1.4 1.5 1.3 0.7 0.7 0.6 
7 0.2 0.3 0.2 1.1 1.2 1.1 0.5 0.6 0.4 0.7 0.8 0.7 
8 0.3 0.3 0.2 1.2 1.3 1.0 0.4 0.5 0.3 0.9 1.0 0.9 
9 0.5 0.6 0.4 1.1 1.2 1.0 1.1 1.3 1.0 1.1 1.1 1.1 
Average 0.9 1.1 0.8 0.9 1.0 0.8 1.0 1.1 0.9 0.9 0.9 0.8 
The average value of all areas 0.9 1.0 0.8 
0.02% graphene sample  

Percentage of graphene over cement in the sample 
Zones Area 1 Area 2 Area 3 Area 4 

a b c a b c a b c a b c 
1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.12 0.06 
2 0.08 0.09 0.08 0.06 0.07 0.04 0.00 0.00 0.00 0.00 0.00 0.00 
3 0.12 0.13 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.22 0.24 0.17 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.02 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.04 0.04 0.03 0.04 0.04 0.03 0.00 0.00 0.00 
7 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.43 0.49 0.38 
8 0.00 0.00 0.00 0.04 0.05 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
9 0.03 0.04 0.03 0.00 0.00 0.00 0.03 0.04 0.03 0.18 0.20 0.16 
Average 0.03 0.03 0.03 0.01 0.02 0.01 0.01 0.01 0.01 0.10 0.12 0.09 
The average value of all areas 0.04 0.04 0.03  

Table 4 
Mixture proportion of mortars and flow table test results.  

Mixes cement Water sand Graphene Flow table values 
(mm) 

CEM I  1  0.44  1.94  0  200 
CEM I + Gr 

0.02%  
1  0.44  1.94  0.0002  230 

CEM I + Gr 
0.04%  

1  0.44  1.94  0.0004  224 

CEM I + Gr 
0.06%  

1  0.44  1.94  0.0006  230 

CEM II  1  0.44  1.94  0  210 
CEM II + Gr 

0.02%  
1  0.44  1.94  0.0002  223 

CEM II + Gr 
0.04%  

1  0.44  1.94  0.0002  225 

CEM II + Gr 
0.06%  

1  0.44  1.94  0.0002  215  

Table 5 
Average value of compressive strengths of mortar samples.  

Mixes 7-day compressive strength (MPa)  28-day compressive strength (MPa)  

S1 S2 S3 Ave SD S1 S2 S3 Ave. SD 

CEM I  48.9  51.5  48.6  49.7  1.59  62.6  62.3  60.7  61.9  1.02 
CEM I + Gr 0.02%  52.7  56.7  57.9  55.8  2.72  68.0  75.4  61.9  68.4  6.76 
CEM I + Gr 0.04%  58.7  59.2  56.2  58.0  1.61  72.6  71.6  77.0  73.7  2.87 
CEM I + Gr 0.06%  59.4  58.2  57.0  58.2  1.20  69.5  70.7  70.9  70.4  0.76 
CEM II  39.1  37.7  40.0  38.9  1.16  49.6  51.6  51.9  51.0  1.25 
CEM II + Gr 0.02%  40.3  38.8  38.1  39.0  1.12  51.4  55.8  50.0  52.4  3.03 
CEM II + Gr 0.04%  47.9  46.5  48.3  47.6  0.95  62.4  61.0  60.6  61.3  0.95 
CEM II + Gr 0.06%  45.3  46.8  47.0  46.4  0.93  60.6  64.0  63.8  62.8  1.91  
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maintenance requirements due to zero moving parts, autonomous 
operation with no need for human interference, and diversity of prod-
ucts through operational flexibility. 

5.2. Cost implications 

Earlier sections have already demonstrated the mechanical charac-
teristics of the proposed graphene-enhanced cement as well as the 
benefits of the low-energy homogeniser used for its production. This 
section discusses the cost implications of the industrial set-up and 
operation of the homogenisation system used for the P2P dispersion of 
graphene powder in cement. Cost considerations are key for gaining a 
comprehensive understanding of the viability of any business endeavour 
such as the introduction/incorporation of the homogenisation system 
into a cement production plant to inform business investment decision- 

making. Consequently, a simplified mathematical model is presented 
here to serve as a guide to organisations to enable them to ascertain the 
cost components/constituents related to the initial set-up and operation 
of the homogenisation system. The cost of the system can be assessed in 
terms of the production cost per tonne of Gr-CEM (CGR-CEM). The pro-
duction cost/tonne of Gr-CEM would entail:  

• Cost of the quantity of graphene in 1 tonne of Gr-CEM (CG)  
• Cost of the quantity of OPC in 1 tonne of Gr-CEM (COPC)  
• Cost of the homogenisation system per tonne of GR-CEM (CIDS). 

Considering the above variables, the cost per tonne of Gr-CEM (CGR- 

(a)

(b)

Fig. 6. Improvement in strengths due to the inclusion of graphene in (a) 
Portland cement CEM I 52.5 N and (b) Portland cement CEM II 42.5 N. 

Fig. 7. Heat hydration for CEM I and CEM II samples with and without gra-
phene at 0.06% dosage rate - (a) heat flow and (b) cumulative heat flow. 

Table 6 
Bulk densities of selected cement samples.  

Sample 
Description 

Density Measurement 
Technique 

Sample 
Mass (g) 

Sample 
Volume 
(cm3) 

Density 
(g/cm3) 

CEM I Pycnometer/Density 
cup by Elcometer  

57.1  57  1.00 

Measuring cylinder 
(500±5 ml In 20 ◦C)  

268.7  256.3  1.05 

CEM II Pycnometer/Density 
cup by Elcometer  

55.6  57  0.98 

Measuring cylinder 
(500±5 ml In 20 ◦C)  

274.9  265  1.04 

CEM I + Gr 
0.06% 

Pycnometer/Density 
cup by Elcometer  

55.8  57  0.98 

Measuring cylinder 
(500±5 ml In 20 ◦C)  

273.5  252.5  1.08 

CEM II + Gr 
0.06% 

Pycnometer/Density 
cup by Elcometer  

56.3  57  0.99 

Measuring cylinder 
(500±5 ml In 20 ◦C)  

269.8  252.5  1.07  
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CEM) can be expressed as follows:  

CGR-CEM = CG + COPC + CIDS                                                           (1) 

While both the cost of the graphene (CG) and the cement (COPC) can 
be obtained relatively easily from the existing business cost data/re-
cords, the cost of the homogenisation system per tonne of Gr-CEM (CIDS) 
has to be estimated. CIDS can be determined by estimating the cost per 
time (e.g., hourly) associated with using the homogenisation system (Ct) 
and then charging that cost per time against the time (T) (e.g., hours) 
taken to produce 1 tonne of Gr-CEM. Eq. 1 can therefore be rewritten as:  

CGR-CEM = CG + COPC + (Ct * T)                                                     (2) 

A build-up of the estimated cost per time for the homogenisation 
system can be undertaken through an installation and operational life 
cost (IOLC) assessment approach. The IOLC will encapsulate: (a) initial 
installation (capital) cost (CAPEX) e.g., cost of design, fabrication, 
installation, testing and commissioning; and (b) operating cost (OPEX) 
e.g., energy cost, staff costs (including training to operate the system), 
and maintenance cost. It should be noted that the IOLC presented here 
can be easily converted to the life cycle cost (LCC) once information 
related to the end-of-life of the new GR-Cem become available. This is 
expressed by Eq. 3 below:  

IOLC = Capex + Opex                                                                    (3) 

Depending on the anticipated operational life of the system 
(expressed in number of years), the net present value (NPV) technique 
can be used to estimate the OPEX over the operational life as follows: 

OPEX =
∑n

t=1

costt

(1 + rate)t (4)  

Where ‘cost’ is the anticipated future operating cost at time ‘t’, ‘rate’ is 
the discount rate, and ‘t’ is the time (in years) of the cost. 

Based on the annual operating time of the system (i.e., ‘x’ hours per 
year), the total operating time of the system over its operating life (i.e., 
‘n’ years) can be estimated as follows:  

Life operating time (LOT) = ‘x’ hours per year * ‘n’ years                    (5) 

Drawing on Eq. 3 and Eq. 5, the cost per time (e.g., hourly) associated 
with using the homogenisation system (Ct) can therefore be estimated 
as: 

Ct =
IOLC
LOT

(6)  

6. Conclusion 

The benefits of graphene addition to the performance of cement 
composites (especially mechanical strengths) are well-established 
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Fig. 8. Extract from an all-integrated cement process plant showing the different operational scenarios (adopted from Kogut et al. [61]).  
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within existing literature. It is also known that the realisation of such 
strength benefits is highly dependent on how well graphene is dispersed 
within the cement composites, which has remained a research chal-
lenge. This is perhaps the reason why most of the existing studies on 
graphene-cement applications are based on the use of admixtures, 
superplasticisers, and ultrasonicators. These approaches have yielded 
some impressive results from product performance perspectives; how-
ever, they require significant amounts of energy and water, which may 
contradict the global plans for sustainable development goals such as 
clean water and sanitation (SDG6); responsible consumption & pro-
duction (SDG12); climate action (SDG13); life below water (SDG14); 
and affordable and clean energy (SDG7). Therefore, this study proposes 
a novel purpose-built low-energy high-efficiency powder-to-powder 
(P2P) dispersion technique for graphene, cement and other SCMs. The 
proposed novel P2P homogenisation technique presents the potential to 
significantly enhance product performance, OSH, and plant operability 
through these summarised advantages: 

6.1. Operational flexibility 

The proposed P2P homogenisation approach offers a good degree of 
operational flexibility owing to its ability to be easily integrated into 
existing cement manufacturing systems at different locations, irre-
spective of whether the host cement plant is configured with single or 
multiple process lines and product storage silos. This implies that 
cement manufacturers are given the opportunity to deliver a wider 
range of products to existing and new customers, without necessarily 
compromising product quality or requiring significant capital (CAPEX) 
and operational expenditure (OPEX). For example, a cement plant can 
decide to retain existing proprietary products such as ordinary Portland 
cement (OPC) if still profitable, in addition to the new graphene- 
enhanced cement, thereby increasing their market share. 

6.2. Product performance 

The ability to control the residence times of mixtures is crucial for 
attaining good dispersion, which is highly correlated with strength 
enhancement and product throughput in cement operations. The results 
of the microscopic analysis indicate that the proposed P2P homogeni-
sation approach offers the ability to adequately control the residence 
time of the graphene and cement mixture, which would be very chal-
lenging through any of the currently advocated injection approaches 
within existing literature. As opposed to most of the earlier studies that 
report strength enhancements based on samples created from CEM I 
which is of superior strengths due to higher composition of clinker, the 
experimental results of this study show that at least a 20% increase in 
compressive strengths was consistently realised from both CEM I and 
CEM II cement samples that are known for their lower strengths due to 
reduced clinker compositions. This implies that this approach offers 
immense opportunities to further substitute high-energy demanding 
clinker with low-energy supplementary materials such as limestone or 
other SCMs and still retain the required strength levels. 

6.3. Responsible consumption of resources 

In addition to its contribution to the preservation of rapidly depleting 
energy resources, the P2P homogenisation approach adopted here 
eliminates the need for other scarce natural resources, especially water 
during injection, which is crucial for the realisation of Sustainable 
Development Goals (SDGs) such as clean water and sanitation (SDG6), 
responsible consumption & production (SDG12), climate action 
(SDG13), and life below water (SDG14). 

6.4. Industrial safety 

The challenges of attaining good dispersion of graphene in cement 

are well documented within the existing body of knowledge. This is 
perhaps why most of the existing studies advocate the use of liquid- 
based approaches such as ultrasonication, where ultrasonic waves are 
used to irradiate the sample to create alternating high and low-pressure 
cycles. The most effective way of injecting the resultant admixture from 
this process into real-life cement operations is by feeding it into the 
cement mills alongside other supplementary materials for homogeni-
sation. Besides the limitation of not being able to control the residence 
time of the mixture without compromising the throughput of the cement 
mills, this injection approach poses a higher OSH risk due to its long 
transmission path. To be more specific and depending on the layout of 
the particular cement plant, the resultant graphene-enhanced cement 
could pass through up to six distinct critical stages (including supple-
mentary materials storages, cement mills, cyclone separators, bag filter 
units, cement storages, and cement despatch), thereby raising the risk of 
inhalation, ingestion, deposition on skin and other vital organs during 
routine inspections and maintenance activities. On the contrary, oper-
ational scenarios 3 and 4 (especially operational scenario 4) that are 
associated with the proposed homogenisation approach offer a signifi-
cantly lower transmission path, since the resultant graphene-enhanced 
cement products will only pass through the despatch stage after injec-
tion. This approach minimises the risk of harm to employees and the 
environment significantly. If the concerned plants are bulk-loading 
plants that do not have an in-house packing stage for bagged products 
(such as that considered in the case study described here), the risk of 
harm to workers and the environment is even further reduced since the 
number of dedusting devices and possible dust emissions correspond-
ingly reduces. 

6.5. Cost-effectiveness 

Most of the well-established fluidised bed homogenisers are associ-
ated with moving parts such as agitators, flap valves, screws, etc., and 
use high-pressure air supplies from compressors. From a maintenance 
point of view, the number of maintainable items and the eventual 
maintenance workload associated is also increased. Furthermore, the 
generation of compressed air continuously at 2–5 bar (as is the case with 
most traditional fluidised bed homogenisers) is energy-intensive and 
costly. However, the proposed homogeniser uses low-energy blowers 
(0.025 kW) to realise good air flow rates, offering a significantly cheaper 
and more environmentally friendly alternative. The shorter transmission 
path already discussed under industrial safety also implies that the 
possible impacts of the abrasiveness of carbon-based graphene are 
restricted to very few plant assets which could be crucial for reducing 
wear rates of assets and potential downtime reduction. Although the 
results presented here are all based on experiments, the study also 
provides a detailed step-by-step guide for estimating the economic 
viability of the proposed approach, to facilitate the decision-making 
process for cement plant owners during field-based implementation. 

The powder-to-powder injection and homogenisation mechanism 
proposed in this study has cost-effectively generated graphene-enhanced 
cement with good degrees of dispersion, which has increased the 
compressive strengths of CEM I and CEM II cement samples by 
approximately 20%. However, the experimental investigations con-
ducted here were based on only graphene and standard cement samples 
that contained fixed proportions of additives. Therefore, it would be 
useful for future studies to further investigate the robustness of the 
proposed homogeniser by considering its ability to facilitate the opti-
misation of cement-to-clinker ratios through the incorporation of higher 
proportions of other low-cost additives and/or supplementary cemen-
titious materials, so that the embodied energy of cement products can be 
further lowered. It would also be useful to examine its ability to 
homogenise mixtures with a wider variation in particle sizes including 
clinkers with different free lime contents and size distributions. 
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