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Abstract 

This paper examines the influence of novel sugar beetroot-based micro sheets (SMSs) on 

the hydration of cement. The SMS material was added to cement pastes in different 

concentrations and the hydration kinetics of the cementitious composites were studied via 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The effect 

of SMS on the hydration development of cement, change in the pore size distribution and 

microstructural evolution were also quantified. The CV and EIS results revealed that the 

synergetic effect of the reactive SMS surface functional groups and tricalcium silicate 

(C3S) increased the ionic strength of the pore solution, ion diffusion rate and charge 

transport properties within the cementitious pastes. The CV and EIS measurements 

correlated well with the two main indicators of the cement hydration rate: the degree of 

hydration (DOH) and the calcium hydroxide (Ca(OH)2) content. The delineated hydration 

kinetics suggested that the SMS sheets accelerate the dissolution of C3S and increase the 

                                                 
 Corresponding author. E-mail address. m.saafi@lancaster.ac.uk (Mohamed Saafi) 

yin.chi@whu.edu.cn (Yin Chi)  

Revised Manuscript with Changes Marked Click here to view linked References

mailto:yin.chi@whu.edu.cn
https://www2.cloud.editorialmanager.com/ccc/viewRCResults.aspx?pdf=1&docID=11600&rev=3&fileID=188492&msid=7660831d-c4d9-42ff-8b81-51a77d29dbd3
https://www2.cloud.editorialmanager.com/ccc/viewRCResults.aspx?pdf=1&docID=11600&rev=3&fileID=188492&msid=7660831d-c4d9-42ff-8b81-51a77d29dbd3


2 

 

hydration depth by channelling water from the pore solution to the unhydrated cement 

core thereby amplifying the growth of the hydration phases. As a result, the mechanical 

properties of the SMS doped cementitious composites were improved. The proposed SMS 

sheets are a potential sustainable and renewable biomaterial for improving the 

performance and reducing the carbon footprint of cementitious materials.  

Keywords: Cementitious composites, sugar beetroot, microsheets, degree of hydration, 

cyclic voltammetry, electrochemical impedance spectroscopy.  

1. Introduction 

The consumption of ordinary Portland cement (OPC)-based materials is 

increasing at a rapid pace to meet an ever-grown demand for concrete infrastructure 

systems. This is of great concern as the production OPC leads to CO2 emissions which is 

about 8% of the global CO2 emissions. One potential way to lower the environmental 

impacts of cement is to improve the performance and the longevity of cement-based 

materials [1–6], as early removal and replacement of concrete infrastructure systems from 

service with new concrete infrastructure systems increases CO2 emissions and demand 

for raw materials [7]. It has been shown that if the performance and longevity of cement-

based materials is increased by 50%, the demand for cement, aggregates and water will 

be reduced by 15%, 2.9 to 7.6 Gt and 0.28 to 0.83 Gt, respectively [8]. And it will also 

reduce energy consumption by 106 to 2.3 x 106 TJ and CO2 emissions by 0.4 to 0.7 Gt of 

CO2-eq [8]. This suggests that increasing the longevity of in-use of concrete infrastructure 

systems by enhancing the performance of OPC-based materials could be a critical means 

to reducing their environmental impacts. 

The strength performance of OPC-based materials depends on the amount of their 

hydration products, especially the calcium-silicate-hydration (C-S-H) phases, the 

principal binding agents in concretes [9]. Higher content of C-S-H phases increases the 
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engineering properties and improves the durability of OPC-based materials. This allows 

concrete infrastructure systems to have much longer service life with limited maintenance, 

thus lower carbon footprint. 

Several approaches have been examined with the objective of increasing the 

hydration phases of cementitious composites. For example, the use of one-dimensional 

(1D) nanomaterials in cementitious composites have been shown to enhance the 

engineering properties of the cementitious nanocomposites and ultimately their longevity 

and sustainability. It was found that the addition of carbon nanotubes (CNTs) and carbon 

nanofibers (CNFs) to cementitious materials increases the strength and stiffness of the 

cementitious nanocomposites [10–12]. CNTs and CNFs can control the nanoscale 

properties of cementitious nanocomposites such as hydration, matrix cracks from 

shrinkage and mechanical stresses. Previous studies demonstrated that CNTs and CNFs 

can improve the hydration kinetics of cement pastes, leading to improved growth of the 

hydration products [11,13–16]. Because of their large specific surface area, 2D 

nanomaterials such as graphene (G), graphene oxide (GO) and boron nitride (BN) 

outperform CNTs and CNFs in improving the hydration kinetics of cementitious 

composites and creating stronger and crack resistant cementitious composites [17–19]. 

However, due to high costs and energy consumption, and process-derived CO2 

emissions from their production, G, GO, BN, CNTs and CNFs have not been used on an 

industrial-scale manufacturing of cement-based products. 

Cellulosic nanomaterials have emerged as promising low-cost and abundant bio-

derived materials that can improve the performance of cement-based materials. One-

dimensional (1D) cellulose nanocrystals (CNCs) were used to fuse cementitious 

composites with the objective of improving the engineering properties of cementitious 

composites by increasing their hydration products [20–23]. However, due do their small 
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size and low-specific area, CNCs slightly improved the hydration kinetics of cement, 

resulting in a moderate enhancement of mechanical properties [24]. 

Electrochemical techniques such as polarization methods, cyclic voltammetry, 

AC impedance spectroscopy, and the new time-resolved methods are increasingly being 

used to characterize materials [25–29]. Recently, electrochemical impedance 

spectroscopy (EIS) has as emerged as a power powerful method for characterizing the 

hydration behaviour of cementitious composites, enabling a comprehensive 

understanding of the hydration kinetics [30]. In this method, a cementitious composite is 

treated as an electrochemical cell and its electrochemical impedance Z is measured by 

applying an AC voltage V over a wide range of frequencies, then measuring the current I 

across the cell. The electrochemical impedance Z is calculated as 𝑍 = 𝑉
𝐼⁄  [31]. The 

impedance measurements are typically plotted in the form of Nyquist plots where their 

shape is used to extract crucial information about the cementitious composite 

characteristics during hydration such as changes in the chemical, electrical and 

microstructure features [32]. The impedance measurements are also used to model the 

cement composite using equivalent circuit (EC) elements to uncover the effect of the 

cement paste ingredients on the hydration kinetics [32]. The impedance measurements 

are often complemented by the cyclic voltammetry (CV) measurements. CV 

measurements are commonly used to analyze chemical reactions and ion diffusion in cells 

such as energy systems [33]. CV involves measuring the current while sweeping a voltage 

across the cell. The measured current is affected by the electron transfer between the 

chemical species within the cell and the electrodes, and ion diffusion and migration within 

the cell solution [33]. Even though, it has not yet been used in cementitious materials 

extensively, CV can shed light on the electrochemical processes in cementitious materials 
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by quantifying the dissolution of the cement particles and the change in the pore solution, 

and the subsequent formation of the hydration phases. 

Recently, we have successfully synthesized novel microsheets from sugar beet 

pulp (SMS) recovered from solid waste of the sugar industry for use in cementitious 

materials [34]. Unlike current 2D nanomaterials, the developed SMS microsheets have 

larger specific area and contain a larger number of hydroxyl groups on their surfaces, thus 

more easily dispersed in water. The SMS microsheets are renewable and much cheaper 

(around $10/kg) than existing 2D nanomaterials, thus making them suitable for large 

applications in the construction industry to improve the performance and reduce the 

carbon footprint of construction materials. Recently, we have demonstrated through 

computation that SMS significantly increases the engineering properties of cementitious 

composites. Indeed, our molecular dynamics simulations have shown that this 

improvement is attributed to the ability of SMS to both strengthen the hydration product 

particles and improve the hydration kinetics of cement [35–37]. 

The effect of the newly developed SMS on the hydration kinetics of OPC is quite 

complex and is not thoroughly understood, and the interaction mechanisms between the 

SMS and the OPC particles during hydration are still not experimentally established. 

Therefore, deep understanding of the hydration behaviour of these new SMS-

cementitious composites through experimentation is deemed necessary for the design and 

optimization of their engineering properties. This will accelerate the adoption of these 

low-carbon materials in the construction industry. 

In this paper, for the first time, we combine cyclic volumetric (CV) and the 

electrical impedance spectroscopy (EIS) techniques to uncover new hydration functions 

of SMS in cementitious materials and elucidate the main hydration kinetics of the SMS-

cementitious composites. The interaction between the SMS sheets and the cement 
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particles in their fresh state was firstly determined through centrifugation tests. Then, the 

influence of SMS on the hydration mechanism of the cement pastes was probed using 

EIS and CV. An equivalent circuit model for the cementitious composites was developed 

to ascertain the role of the SMS sheets in the cement hydration kinetics. In addition, BET, 

TGA, DSC, SEM and TEM analytical tools were used to characterize the SMS sheets and 

quantify their effect on the formation of the hydration products and the evolution of the 

microstructure of the cementitious composites. And the quantified Ca(OH)2 content and 

DOH were correlated with the two main CV and EIS parameters: capacitance and 

electrical impedance. 

2. Experimental program 

2.1. Preparation of the SMS material 

The SMS manufacturing process is shown in Fig. 1 and discussed in detail in 

[34,37]. The first step of the manufacturing process involved diluting sugar beetroot pulp 

with a solid content of 1.0% by weight. The pH of the mixture was then raised and kept 

constant at 14 by adding a 0.5M sodium hydroxide (NaOH) solution. Subsequently, the 

amounts of hemicellulose and pectin were extracted from the mixture. The mixture was 

then homogenized at a temperature of 90°C for 5 hours using a stirring blade with a 

rotation speed of 11m/s. The homogenized solution was filtered to remove the dissolved 

material, resulting in an SMS paste with a solid content of 8% and an average SMS sheet 

size of 50μm x 50μm in lateral size and 0.25μm thickness. The manufacturing process 

consumes low power and is interfaceable with renewable electricity, enough to operate 

all sub-processes in the SMS making. 

The environmentally friendly SMS are formed by linked β-1-4 glycosidic (C-O-

C) bonds. The chemical functional groups on the SMS backbone tetrahydropyran ring 



7 

 

include hydroxymethyl group (-CH2OH), hydroxy group (-OH) and hydrocarbon methine 

group (-H) (Fig. 1). Compared to GO, the high content of hydroxyl and hydroxymethyl 

groups makes SMS more efficiently and evenly dispersed in aqueous solutions. 

2.2. Preparation of the cement pastes 

Ordinary Portland Cement (OPC) type CEM I 52.5 N with a water-cement ratio 

of 0.35 was used to prepare the cement pastes. A commercially available superplasticizer 

(Glenium 51) was used at a concentration of 1-wt% to enhance the workability of the 

cement pastes. Solutions with concentrations of 0, 0.1, 0.2 and 0.3-wt% of SMS were 

prepared and added to the cement pastes. To keep the water/cement ratio of 0.35 constant 

throughout the experimental program, the required amount of mixing water was adjusted 

to take into consideration the water that is already available in the SMS paste. The 

solutions were prepared by sonicating the required amounts of SMS, water and 

superplasticizer for a period of 30 minutes using a tip sonicator (S-450A Branson 

UltrasonicsTM SonifierTM) under 50% duty cycles. The SMS suspensions were mixed with 

cement for 7 minutes and the resulting cement pastes were poured into 50 mm x 50 mm 

x 50 mm and 40 mm × 40 mm × 160 mm plastic moulds.  

The mini-slump test was performed to evaluate the influence of SMS on the 

workability of cementitious composites. The spread diameters formed by the pastes were 

measured upon lifting a mini-slump cone with top diameter, bottom diameter and height 

of 70 mm, 100 mm, and 60 mm, respectively [38]. During the test, the paste was carefully 

poured into the mould and subsequently vibrated. After removing the excess paste from 

the top surface, the mould was lifted vertically to allow the cement paste to cure for 24 

hours, the slump diameter was then determined as the average of two measurements for 

each SMS dosage [39]. 
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The cube specimens were used to quantify the compressive strength, hydration 

and microstructure evolution of the cementitious composites using TGA/DSC, SEM, 

EDS and BET analytical tools. The prisms were used to investigate the flexural strength 

and hydration mechanism of the SMS-modified cementitious composites using CV and 

EIS. Stainless steel electrodes were inserted into the prisms with 120 mm apart to enable 

CV and EIS measurements. The prisms and the cubes were left to cure for 24 hours at 

room temperature and then cured in water for 7, 14 and 28 days at a temperature of 22oC.  

2.3. Centrifugation test of cementitious composites 

We hypothesize that the hydration kinetics of the cementitious composites are 

controlled by the synergetic interaction between the cement particles and the SMS sheets. 

And this synergetic interaction is governed by the amount of SMS sheets adsorbed (a-

SMS) onto the surface of the cement particles. As such, centrifugation tests were carried 

out following [40] to determine the concentration of a-SMS using a MSE Mistral 2000 

centrifuge. Cement pastes with a mass of 200g containing SMS at concentrations of 0, 

0.1, 0.2 and 0.3-wt% were centrifuged after mixing. The pastes were placed in centrifugal 

bottles and centrifuged at 3000 pm for 20 minutes. Subsequently, the centrifuged 

supernatants were collected and filtered through Cole-Parmer Sterile Cell strainers (40 

µm) to remove the cement particles. The filtrates were then oven dried at 45°C for 48 

hours to evaporate the water. The dried filtrates obtained from the plain cement pastes 

contained cement supernatant salt and alkali that are available in the pore solution [41]. 

And the dried filtrates obtained from the SMS infused cement pastes contained free SMS 

(f-SMS), and cement supernatant salt and alkali that are in the pore solution. The amount 

of f-SMS was obtained by subtracting the weight of the dried filtrates obtained from the 

plain paste from the weight of the dried filtrate obtained from the paste infused with SMS. 
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The amount of a-SMS was obtained by subtracting the weight of f-SMS from the weight 

of SMS added to the paste as outlined in [40]. 

2.4. Electrochemical characterization of the cementitious composites 

The electrochemical behaviour of the cement pastes was investigated with cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) to elucidate the 

influence of SMS on the evolution of the hydration kinetics of the cementitious 

composites at 7, 14 and 28 days, using the cement pastes as electrochemical cells. 

Potentiostat (Gamry Interface 1000) was employed to obtain the CV characteristics of the 

cementitious composites using the two-probe method as shown in Fig. 2. During this test, 

an electrical current was passed through the cementitious composite as the voltage is 

swept between -0.5 V and 0.5 V using a scan rate of 0.2V/s for 10 cycles. Gamry 

softwareTM was used to produce current vs voltage spectra to extract qualitative hydration 

kinetics of the cementitious composites. 

The EIS measurements were carried out using frequencies between 0.1 Hz and 1 

MHz and a sinusoidal voltage of 10 mV. Gamry softwareTM was employed to analyse the 

EIS results and obtain the equivalent circuit for the cementitious composites. 

2.5. Thermal analysis of cementitious composites 

Thermal analysis of SMS and cement pastes was carried out via the 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) analysis 

methods using STA 449 F3 Jupiter instrument. This was done to characterize the thermal 

behaviour of the SMS sheets and cement pastes, and quantify the degree of hydration 

(DOH) and the change in the calcium hydroxide (Ca(OH)2) content in the cementitious 

composites. Air dried SMS samples were transferred into Al2O3 crucibles for heating. 

During heating, the apparatus chamber temperature was gradually increased from 20°C 

to 1100°C at a rate of 10°C/min. Cementitious samples obtained by crushing cement 
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cubes were grounded into powder to carry out the thermal analysis of the cementitious 

composites at 7, 14 and 28 days. The powdered cementitious samples were placed in 

Al2O3 crucibles for heating. During heating, the chamber temperature was first raised 

from 20°C to 140°C at a heating rate of 10°C/ min. Then, the temperature was held at 

140°C for 30 minutes to remove evaporable water [42]. Finally, the samples were 

subjected to heat from 140°C to 1100°C at a heating rate of 10°C/min. The TGA and DSC 

experiments were conducted under nitrogen with a flow rate of 25.00 ml/min and were 

repeated three times. 

2.6. Microstructure characterization of the cementitious composites 

The morphology of the SMS sheets and SMS-infused cement pastes was 

examined using scanning electron microscopy (SEM) (JEOL JSM-7800F) fitted with X-

Max50 Silicon Drift Detector (SDD) of an area of 50 mm2. After coating with gold, SEM 

micro images of the air-dried SMS sheets and the fractured surface of the cement samples 

(prepared at 7, 14 and 28 days) were produced at a voltage of 2-15 kV and room 

temperature. JEM-1010 transmission electron microscope (TEM) was used to determine 

the morphology of the SMS sheets. A 0.2-wt% SMS suspension was first diluted and 

ultrasonicated for 30 minutes. The solution was then deposited onto carbon-coated TEM 

grids. The excess liquid was removed with a filter paper and the samples were air-dried 

at room temperature. The TEM images were produced at an accelerating voltage of 80 

kV voltage. 

XRD analysis was performed using an Agilent SuperNova single-crystal X-ray 

diffractometer. Cementitious composite samples containing SMS were prepared in a 

powdered form at 7 and 28 days to facilitate the XRD examination. The XRD patterns 

were obtained by scanning from 5° to 65° (2θ) with Cu Kα radiation (λ = 1.5418Å) at a 

scanning rate of 2°/minute, under ambient conditions. The X-ray diffractometer operated 
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at a voltage of 40kV using a filament current of 40mA and a step size of 0.02°. The pore 

size, pore volume and specific surface area of the SMS sheets and cementitious 

composites were quantified by the Brunauer–Emmet–Teller (BET) method using a 

nitrogen adsorption instrument (MICROACTIVE 3FLEX 3500, Micromeritics, 

Germany). Prior to testing, The SMS samples were dehydrated in the vacuum and dried 

at 40°C for 120 minutes under a pressure 10-6 Pa and the cementitious composite powder 

samples (sieved less than 1 mm) were dehydrated in the vacuum and dried at 100°C for 

180 minutes under a pressure of 10-6 Pa. 

2.7. Mechanical characterization of the cementitious composites 

The influence of SMS on the compressive strength of the cementitious composites 

was evaluated using an universal testing machine (UTM) (Instron 8802J5219, 250KN) 

according to ASTM C 109 [43], at a loading rate of 0.5 MPa/s. The compressive strength 

of the cubes (50 mm x 50 mm x 50 mm) were determined at 7, 14 and 28 days. The prisms 

were tested on an ASTM Zwick Roell Z020 machine (C090204019, 20KN, Germany). 

The flexural strength of the cementitious composites was evaluated using a four-point 

bending test at 7, 14, and 28 days in accordance with ASTM C78 [44]. Prisms (40 mm x 

40 mm x 160 mm) were tested using a displacement control at a constant loading rate of 

0.01 mm/min. 

3. Results and discussion 

3.1. Morphology, thermal behaviour and pore structure of SMS 

Fig. 3a-b shows SEM images of the SMS sheets. As can be seen, the morphology 

of the SMS sheets consists of rippled and wrinkled surface textures. Fig. 3b shows a 

typical SEM image of the SMS sample with a total thickness of about 0.25 mm. From 

this figure, we can see that the sample is composed of staked and overlapped sheets. The 
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SMS sheets have a thickness of about 0.25 m (Fig.3b). The TEM images in Fig. 3c-d 

indicate that the SMS are consisting of randomly oriented and stacked nanofibers with 

diameters in the 5-8 nm range. The average lateral size of the SMS sheet is about 50 m.  

The thermal stability of the SMS sheets is an important parameter as it indicates 

whether the SMS sheets can resist the action of heat generated during cement hydration. 

The thermal behaviour of the SMS sheets is shown in Fig. 3e. From this figure we can 

see that the thermal decomposition process of SMS is mainly divided into two stages: 

slow pyrolysis in the temperature range of 20°C to 200°C and rapid pyrolysis in the 

temperature range of 200°C to 600°C. The slow pyrolysis is the mass loss of the 

hydrophilic bound water by evaporation whereas, the rapid pyrolysis is the sharp mass 

loss of the functional groups after SMS dehydration. This is due to the thermal 

degradation of both the functional group of SMS in the temperature range of 200°C to 

380°C and the tetrahydropyran ring backbone structure of SMS in the temperature range 

of 440°C to 580°C. The DTG peaks indicate that the maximum temperature 

depolymerization of the SMS functional groups is 329°C and the depolymerization 

temperature of the tetrahydropyran ring of SMS is around 518°C. The mass loss of SMS 

remains unchanged between 580°C and 1100°C with a residual mass weight of 20%. 

Fig. 3f shows the DSC thermogram and its derivative for the SMS sheets in the 

temperature range of 20°C to 1000°C. From the derivative of the DSC curve, we can see 

that the first endothermic broad peak between 20°C and 200°C corresponds to the 

rearrangement of the molecular chains of SMS caused by the evaporation of bound water. 

The second endothermic peak between 200°C and 380°C is attributed to the colloidal 

bond cleavage. The third endothermic transition between 440°C and 580°C corresponds 

to the depolymerization of cellulose based SMS. The occurrence of the endothermic hump 

and the first peak phenomena are similar to amorphous cellulose [45]. It is worth noting 
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that conventional cellulose typically completes its depolymerization over a temperature 

range of 200°C to 400°C [46,47], whereas the depolymerization of the tetrahydropyran 

ring backbone of the SMS material is completed over a temperature range of 200-580°C. 

This indicates, the SMS material has higher thermal resistance than conventional 

cellulose [46] and can resist the cement hydration temperature which is about 70oC. 

The N2 adsorption-desorption isotherms of the SMS sheets are shown in Fig. 4a. 

This figure shows that the SMS sheets have a BET specific surface area of 68.35 m2/g. 

The pore size distribution and total pore volume of SMS calculated according to BJH 

theory are shown in Fig. 4b. As can be seen, the average pore diameter and the pore 

volume of SMS are 8.19 nm and 0.14 cm3/g, respectively. Fig. 4b indicates that the pore 

size distribution of SMS is a bimodal pore size distribution in the 0-10 nm range with a 

small number of pores in the 40-80nm range. It is worth mentioning that in comparison 

to SMS, GO exhibits lower specific surface area [48]. This means SMS outperforms GO 

for boosting the hydration of cement particles due their higher reactive surface area.  

3.2. Interaction of SMS sheets with cement particles  

Fig. 5a illustrates the change in the workability as a function of SMS dosage. As 

shown, the addition of 0.1, 0.2 and 0.3-wt% SMS did not affect the workability of the 

cement pastes. However, the workability decreased significantly at SMS dosages higher 

than 0.3-wt%. The addition of 0.40-wt%, 0.50-wt%, and 0.60-wt% SMS decreased the 

diameter of the pastes by 86.59%, 90.75%, and 96.05%, respectively. This can be 

attributed to the high specific surface area of SMS and its dominant hydrophilic functional 

groups which tend to absorb and consume most of the free water in the cement pastes. 

This results in increased friction between the cement particles which in return decreases 

the workability of the cement pastes [49]. 
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The effectiveness of the SMS sheets in promoting the dissolution of C3S 

compound during hydration is governed by the direct chemical interaction of C3S with 

the SMS sheets adhered to the surface of the cement particles. The higher the amount of 

the adhered SMS sheets, the higher the surface hydroxylation rate of C3S. As such, the 

experimental results obtained from the centrifugation experiments were used to determine 

the amount of a-SMS adhered to the surface of the cement particles. Fig. 5b shows the 

change in the mass of a-SMS per gram of cement as a function of SMS concentration, 

whereas Fig. 5c shows the change in the percentage of a-SMS (i.e., a-SMS/(a-SMS+f-

SMS)) as a function of SMS concentration. As shown in Fig. 5c, the mass of a-SMS is 

directly proportional to the SMS concentration, where about 92% of SMS are adhered to 

the surface of the cement particles. The interaction mechanism of SMS with a cement 

particle is illustrated in Fig. 5d. As depicted, the large surface area and the chemical 

functional groups enable the SMS sheets to cling to the surface of the cement particle. 

The large negatively hydroxymethyl (-CH2OH) hydroxyl (-OH) groups on the surface of 

SMS are attracted to the main positively charged Ca2+, leading to an electrostatic self-

assembly mechanism and the cement particles become wrapped around by the SMS 

sheets. Here, we believe that the f-SMS sheets (8% of total SMS) remain in the pore 

solution. The following sections elucidate the effect of the SMS sheets on the hydration 

kinetics of the cementitious composites.  

3.3. Thermal analysis of the cementitious composites 

The influence of SMS on the hydration of the cement pastes can be quantified by 

simply analysing the heat flow and heat of fusion obtained from the DSC measurements. 

Fig. 6a depicts the effect of SMS on the heat flow first peak at 7 days. The first peak 

which is known as the dissolution peak is associated with the dissolution of calcium 

silicate phases and the initial precipitation of ettringite [50]. As shown, the intensity of 
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the dissolution peak increases as the SMS concentration increases. This can be attributed 

to the fact that the SMS sheets with high specific area accelerate the hydration of cement 

and provide additional surface for nucleation and growth of the hydration phases [51]. As 

such, the more SMS is used, the more heat is generated. Fig. 6a also shows that the 

dissolution peak shifts to the left due to the addition of SMS. This means that SMS 

increases the dissolution rate of the cement phases. This can be confirmed by the change 

in the latent heat of fusion of the cementitious composites as shown in Fig. 6b. As can be 

seen, the laten heat fusion of the cementitious composites increases with both curing age 

and SMS concentration due to the increase of the hydration products. 

The influence of SMS on the formation of the hydration phases can also be 

quantified from the thermal degradation of the hydrated cement pastes. Fig. 7a-c displays 

the effect of SMS on the thermal decomposition of the cementitious composites at 7, 14 

and 28 days where amount of the mass loss gradually increases with SMS concentration. 

Fig. 7a-c show that the thermal decomposition of the cement pastes goes through three 

main weight loss stages. The weight loss of the cement pastes due to the gradual loss of 

the bound water takes place in the first stage, between 140 and 300°C. In the second stage, 

the thermal dehydration of Ca(OH)2 occurs in the temperature range 420 to 480°C. Finally, 

in the third stage, the decomposition of calcium carbonate (CaCO3) takes place between 

600 and 780 °C [40,52]. As can be seen in Fig. 7c, the final weight loss of the cement 

pastes at 28 days increases with SMS concentration due to more evaporation of the 

chemically bound water (CBW) from the thermally decomposed hydration products.  

Fig. 7d-f show the derivative thermogravimetry (DTG) curves of the cement 

pastes at 7, 14 and 28 days. The DTG peaks in this figure indicate that the cementitious 

composites lost their CBW or decomposed at a specific temperature range, regardless the 

SMS content. The range of pyrolysis peaks shown in Fig. 7d-f confirm that the weight 
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loss of C-S-H (140-300°C), Ca(OH)2 (420-480°C) and Ca(CO3) (600-780°C) phases 

occurs in different temperature ranges. The increase in the intensity of the DTG peaks 

due to the addition of SMS is an indicative of more hydration products being decomposed. 

Furthermore, the decomposition peak of Ca(CO3) phase gradually shifts towards the left 

(decomposition temperature decreased around 10°C) when the SMS content increases. 

This is due to the decomposition of SMS/Ca(CO3) composites which takes place slightly 

prior to the plan Ca(CO3) phase. The DTG results further demonstrate that the addition 

of SMS amplifies the formation of the hydration phases. 

The thermal mass loss of the cementitious composites is related to DOH. Hence, 

the DOH was calculated according to the method described in [42].  

𝐷𝑂𝐻(𝑇𝐺𝐴) =

𝑚(𝑐𝑏𝑤)
𝑚(𝑟𝑒𝑚𝑎𝑖𝑛)

0.23
(1)

 

Where m(cbw) is the mass of chemically bound water and m(remain) is the mass of 

samples remaining in the crucible. 

Fig. 7g shows the calculated DOH at 7, 14 and 28 days. As shown, the DOH 

increases with SMS content. At a SMS content of 0.3-wt%, the DOH increased by 3.5%, 

6.1% and 5.6% at 7, 14 and 28 days, respectively. Fig. 7h shows the effect of SMS on the 

amount of Ca(OH)2. The amount of Ca(OH)2 in the cementitious composites was 

calculated according to [34]. As can be seen, the trend of Ca(OH)2 increasing with SMS 

concentration is similar to that of DOH. At a SMS content of 0.3 wt% increased the 

amount of Ca(OH)2 by 5.04%, 10.29% and 13.45% at 7, 14 and 28 days, respectively. 

The increase of Ca(OH)2 is indicative of the increase of the other hydration products such 

as C-S-H as a result of the addition of SMS. 
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3.4. Electrochemical response of SMS cementitious composites using voltammetry  

The hydration kinetics behind the observed increase in DOH and Ca(OH)2 are 

uncovered by examining the electrochemical response of the cementitious composites. 

As such, the influence of the SMS sheets on the electrochemical behaviour of the cement 

pastes during hydration was investigated using CV where the electrochemical cement 

paste cells were charged and discharged between -0.5 V and 0.5 V. Fig. 8a-c show the 

CV curves at different SMS concentrations and curing ages. CV plots the amount of the 

electrical current flowing through the electrochemical cement cell when the voltage is 

varied between -0.5 V to 0.5 V. As shown, the CV curves exhibit elliptical and 

symmetrical shapes, indicating that the cementitious composites are behaving like electric 

capacitors [53]. From the CV curves, the peak current is estimated at a potential of 0.5 V 

and plotted against SMS concentration at different curing ages as shown in Fig. 8d. As it 

can be observed, the intensity of the current flowing through the cement pastes during 

hydration increases with SMS concentration and decreases with increasing curing age. 

This means the SMS sheets facilitate the movement of electrons towards the electrodes 

while the curing age diminishes the movement of electrons towards the electrodes. This 

electrochemical reaction mechanism can be ascertained by examining the influence of the 

SMS sheets on the capacitance of the electrochemical cement pastes. 

The capacitance C of the electrochemical cement paste cells was calculated using 

the following equation [54]: 

𝐶 =  
∫ 𝐼𝑑𝑉

2𝜈Δ𝑉 
(2) 

Where ∫ 𝐼𝑑𝑉 is the integrated area of the CV curve, Δ𝑉 is the potential voltage window 

and 𝜈 is the scan rate (V/s). The influence of SMS on the capacitance of the cement pastes 

at 7, 14 and 28 days is shown in Fig. 9a. As illustrated, at a specific curing age, the 
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capacitance of the cementitious composites increases with increasing SMS concentration. 

This increase however is predominant in the first 7 days of hydration. The a-SMS sheets 

increases the ionic strength (i.e., increased ion concentration) of the pore solution, as a 

consequence of their direct interaction with C3S. The chemical functional groups such as 

hydroxymethyl (-CH2OH), hydroxy (-OH) and hydrocarbon methine group (-H) allow 

for dissolution catalysis to occur due to the interaction of the a-SMS sheets with the highly 

reactive C3S. This increases the density of ions, mainly Ca2+ and OH-, which in return 

increases the ionic strength of the pore solution. This increase could also be attributed in 

part to the accumulation of the released ions (i.e., Ca2+, OH-) into the porous a-SMS sheets. 

As the hydration progresses the ions in the pore solution are consumed and amount of the 

hydration phases are increased. This dampens the diffusion and electric mobility of ions 

which results in reduction of the capacitance of the cement pastes when the curing age 

increases. 

The influence of DOH and Ca(OH)2 on the capacitance of the cementitious 

composites is shown in Fig. 9b-c at the three SMS concentrations. The increase in DOH 

and Ca(OH)2 is a good indicator of the evolution of the other hydration phases such as C-

S-H products. As shown, the capacitance is proportional to both DOH and Ca(OH)2. The 

rate of change of the capacitance with respect to DOH and Ca(OH)2 is more predominant 

at 7 days due to higher ionic strength of the cementitious composites. The lower rate of 

change of the capacitance at 14 and 28 days of curing is due to lower ionic conductivity 

of the cementitious composites due to the consumption of ions in the pore solution. The 

positive change in the capacitance of the cement pastes reflects the increase in the 

hydration phases resulting from the inclusion of SMS. As such, the cyclic voltammetry 

method presents a good tool to understand and monitor the hydration of cementitious 

composites containing reactive additives. 
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3.5. Electrochemical response of SMS cementitious composites using EIS 

EIS characterization was used to complement the CV analysis of the hydration 

kinetics of the cementitious composites. Fig. 10 shows the Nyquist plots for the 

cementitious composites at 7, 14 and 28 days. As illustrated, each Nyquist plot is 

composed of a depressed capacitive arc in the high frequency region and somewhat a 

straight line representing the Warburg impedance in the low frequency region. The 

depressed capacitive arc represents the charge transfer at the electrode-ionic solution 

interface and the straight line represents the diffusion of ions into the electrodes. It is 

worth noting that in the middle-frequency range, the impedance of the cementitious 

composites somewhat decreases with the curing age. This is probably due to the effect of 

the porosity of the hydration phases. Previous studies have shown that Nyquist plots in 

the medium-frequency region describe the effect of porosity of materials on the ionic 

conductivity [55]. C-S-H phases are porous and considered as ionic materials due to their 

good ionic conductivity [56]. Hence, we hypothesize that the observed change in the 

impedance in the medium-frequency range is due to the fact that as the hydration 

continues, more C-S-H phases are produced thereby facilitating ion diffusion through 

their pores which in return decreases the electrical resistance of the matrix. 

The EIS data was further analysed to delineate effect of SMS on the change in the 

hydration products of the cementitious composites. This was done by examining the 

change in the bulk resistance and dielectric constant of the cementitious composites. The 

bulk electrical resistance was calculated from the bode plot of the impedance modulus 

𝑙𝑜𝑔|𝑍| and phase as depicted in Fig. 11a. In this figure, a cementitious composite with 

0.1wt% SMS is used as an example to show how the bulk electrical resistance was 

calculated. As shown in Fig. 11a, the blue dashed rectangles show the phase plateauing 

near zero in the high frequency range of 5×103 to 5×104 Hz and the 𝑙𝑜𝑔|𝑍| values in this 
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frequency range where the phase is plateauing near zero. In this frequency range, the 

cementitious composite exhibits a resistive behaviour, and its bulk electrical resistance 

can be calculated from the average 𝑙𝑜𝑔|𝑍| values as 𝑅 (Ω)  =  10𝑙𝑜𝑔|𝑍|. 

The bulk resistance values are given in Fig. 11b at 7, 14 and 28 days for different 

SMS concentrations. This figure indicates that there is a trend of increasing bulk 

resistance with increasing SMS concentration due to enhanced growth of the hydration 

products. This can be demonstrated in the plot of the bulk electrical resistance versus the 

degree of hydration (Fig. 11c), obtained from the thermal analysis of the cementitious 

composites. Fig. 11c shows that the bulk electrical resistance increases with increasing 

DOH. This is because the formation of the hydration phases consumes the highly 

conductive ions in the pore solution thereby increasing the bulk electrical resistance of 

the cementitious composites [57]. This implies that EIS is a useful tool for both 

interpreting the hydration processes of cement and real time monitoring of DOH. 

The change in the dielectric constant (𝜀′) of the cementitious composites at 28 

days is shown in Fig. 11d. The dielectric constant (𝜀′) was calculated using the following 

equation: 

𝜀′ =
𝑑𝑍′′

2𝜋𝑍2𝜖0𝐴
(3) 

where d is the distance between the electrodes, 𝑍′′ is the imaginary impedance, 𝑍 is the 

total impedance, 𝜀0  is the vacuum dielectric constant and 𝐴  is the contact area of the 

electrodes. Fig. 11d shows that the dielectric constant of cementitious composites 

decreases with frequency. This is due to the reduction of space charge polarization effect. 

During the hydration of the plain cement paste, the primary Ca2+ and OH- ions are leached 

from C3S. These unbound charged ions polarize in response to the applied electric field 
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which is responsible for the measured dielectric constant of the cement paste. As the 

hydration kinetics progress, Ca(OH)2, C-S-H and ettringite hydration phases begin to 

form which in return hinders the polarization of the charged ions thereby reducing the 

initial dielectric constant [58,59]. Fig. 11d also shows that at a fixed frequency, the 

dielectric constant of the cementitious composites decreases with increasing SMS 

concentration. This decrease is attributed to the effect of SMS on the hydration kinetics 

of cement. The addition of SMS increases the release of the primary Ca2+ and OH- ions 

into the pore solution, resulting in higher ionic conductivity (i.e., higher ionic strength of 

the pore solution). This amplifies the growth of the hydration phases. These hydration 

phases along with the porous SMS sheets hamper the polarization of the charged ions, 

resulting in a further decrease in the dielectric constant. This means, the more SMS sheets 

in the cement paste, the lower the dielectric constant, as shown in Fig. 11d. 

3.6. Equivalent circuit model for the SMS cementitious composites 

To further understand the hydration process of the cementitious composites and 

delineate the main mechanisms by which the SMS sheets accelerate the hydration rate of 

cement, an equivalent circuit (EC) model was developed and the effect of the addition of 

SMS on its electrical components was characterized. The two in-series-components of 

the EC model for the cementitious composites are shown in Fig. 12a. Bode plots showing 

the fit of the EC model to the measured impedances at 28 days are given in Fig. 12b-e. 

This figure indicates that the EC model fits adequately the measured impedances. 

In the EC model, the cement paste is represented by its pore solution resistance 

(𝑅𝑠 ), double layer capacitance ( 𝐶𝑑𝑙 ), charge transfer resistance (𝑅𝑐𝑡 ) and Warburg 

impedance ( 𝑍𝑤 ) and the electrodes are represented by their capacitance ( 𝐶𝑒 ) and 

resistance (𝑅𝑒). 
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The Warburg element (𝑍𝑊), represents the ion diffusion in the cement paste. The 

Warburg element is generally described by its parameters in the following equivalent 

impedance equation.  

𝑍𝑤 = 𝜎𝜔−
1
2(1 − 𝑗) (4) 

𝜔 = 2𝜋𝑓 (5) 

where is a Warburg diffusion coefficient and 𝑓 is the operating frequency. 

The values of the EC components were determined for each SMS concentration 

and curing age by fitting the experimental impedances using Gamry Echem Analyst 

program version 6.25. The fitted values of the EC model components and their errors are 

given in Table 1. 

The total impedance Z of the equivalent circuit model shown in Fig. 12a can be 

expressed as:  

𝑍 = 𝑅𝑠 +
𝑅𝑐𝑡 + 𝜎𝜔−

1
2(1 − 𝑗)

1 + 𝑗𝜔𝑅𝑐𝑡𝐶𝑑𝑙 + 𝑗𝜔𝑍𝑊𝐶𝑑𝑙
+

𝑅𝑒

1 + 𝑗𝜔𝑅𝑒𝐶𝑒

(6) 

The real part 𝑍′ is given by: 

𝑍′ = 𝑅𝑠 +
𝑅𝑐𝑡 + 𝜎𝜔−

1
2

(1 + 𝜔
1
2𝜎𝐶𝑑𝑙)

2

+ 𝜔2𝐶𝑐𝑙
2 (𝑅𝑐𝑡 + 𝜎𝜔−

1
2)

2 +
𝑅𝑒

1 + (𝜔𝑅𝑒𝐶𝑒)2
(7) 

The influence of SMS on the hydration of the cement pastes can be elucidated by 

examining the change in the main cement paste parameters Rs, Rct, 𝐶𝑑𝑙 and 𝑍𝑤 of the real 

parts of the impedance (Eqs. 7). Fig. 13a shows the effect of SMS on the resistance of the 

pore solution (Rs) at different curing ages. As shown, the resistance of the pore solution 

increases with increasing SMS concentration. This can be attributed to the fact that the 
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ions and the free water are consumed immediately after the dissolution of the cement 

particles to produce hydration products which in return increases the resistance of the 

pore solution. Due to their high electrical resistance and surface area, the SMS sheets fill 

the capillary pores in the cement pastes thereby increasing their overall electrical 

resistance. Fig. 13a also shows that the electrical resistance of the pore solution increases 

with curing age due to the formation of the hydration gels in the capillary pores.  

The influence of SMS on the charge transfer resistance (𝑅𝑐𝑡) of the cement pastes 

at the at 7, 14 and 28 days is depicted in Fig. 13b. The charge transfer resistance represents 

the resistance against the process of electron movement between the cement paste and the 

electrodes resulting from the electrochemical reaction during hydration. The charge 

transfer in materials can be described by the following equation [60]: 

𝑅𝑐𝑡 =
𝑅𝑇

𝑛2𝐹2𝐴𝐶0𝐾𝑒𝑡

(8) 

where R is gas constant, T is temperature, n is the number of electrons involved in the 

charge transfer process, F is Faraday’s constant, A is the electrode surface area, C0 is the 

concentration of ions at the electrode surface and 𝐾𝑒𝑡 is the electron transfer rate. 

As shown in Fig. 13b, the overall trend of the charge transfer resistance decreasing with 

increasing SMS concentration and increasing with curing age supports the cyclic CV 

results. As previously highlighted, the interaction of the a-SMS sheets with C3S increases 

the concentration of ions which results in higher number of electrons moving between the 

cement paste and the electrodes with a higher electron transfer rate. This reduces the 

charge transfer resistance. However, the charge transfer resistance somewhat increases 

with increasing curing age due to the formation of the hydration phases which reduces 

the diffusion of ions in the cement paste as shown in Fig. 13c.  

Fig. 13c depicts the change in the Warburg impedance (𝑍𝑤) as a function of SMS 

concentration. The Warburg impedance represents the bulk resistance to the ionic mass 
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transfer (i.e., diffusion mechanism of ions) in the cement paste. The Warburg impedance 

is associated with the Warburg coefficient  (see Eq. 4), which represents the diffusion of 

ions in the cement paste. The higher the value of  the less the diffusion of ions in the 

cement paste. The Warburg coefficient is given by the following equation [61]: 

𝜎 =
𝑅𝑇

√2𝑛2𝐹2𝐴𝐶0𝐷1/2
(9) 

Where D is the diffusion coefficient of ions in the cement paste.  

The Warburg coefficient  can be determined from the experimental real 

impedance data. Fig. 13d plots the experimental real impedance against the angular 

frequency (1/2) (known as Warburg plot) for different SMS concentrations. The slope of 

the Warburg plot presents the Warburg coefficient. The effect of SMS concentration on 

the Warburg coefficient  is shown in Fig. 13e. As can be seen from this figure, the 

Warburg coefficient  decreases with increasing SMS concentration. This implies that 

the inclusion of SMS increases the diffusion coefficient of ions (D in Eq. (9)) during 

hydration. The C-S-H nanopores typically form the dominant pathways for ion diffusion 

and water transport in cementitious materials [62,63]. Higher ionic diffusion coefficients 

are typically associated with higher growth of C-S-H phases. Diffusion coefficient D of 

ions is typically larger in cement pastes with higher of C-S-H products than that in cement 

pastes with lower of C-S-H products [64]. Fig. 13e also shows that the Warburg 

coefficient  increases with increasing curing age. As the hydration of the cement pastes 

progresses, water and ions in the pore solution are depleted and the amount of hydration 

phases is increased, resulting in less diffusion of ions. 

Fig. 13f shows the effect of SMS concentration on the double-layer capacitance 

(𝐶𝑑𝑙) of the electrode/cement paste interface at different curing ages. As depicted in Fig. 
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13f, at 7 days of curing, the double-layer capacitance increases with SMS concentration. 

The addition of SMS increases the accumulation of ions at the electrode-cement interface 

due to rapid dissolution of C3S. This increases the double-layer capacitance of the 

cementitious composites. 

The CV and EIS results support the notion that the hydration of cement is 

controlled by the kinetics of a-SMS/C3S interfacial chemical interactions. The f-SMS 

sheets in the pore solution also contribute to the rapid dissolution of C3S. The findings of 

the CV and EIS tests were leveraged to uncover the main hydration kinetics of the 

cementitious composites, taking into consideration the SMS surface functional groups 

that are the driving forces for the dissolution of C3S and the growth of the hydration 

phases. 

3.7. Elucidation of the hydration kinetics of cementitious composites  

The centrifugation, EIS and CV results were used to identify the main chemical 

processes involved in the hydration of the cementitious composites and delineate the role 

of the SMS surface functional groups in the dissolution of C3S. The EIS and CV results 

revealed that the change in the electrochemical properties of the cementitious composites 

during hydration is governed by the ionic strength of the pore solution. This ionic strength 

is highly dependent on the concentration and the electric mobility (i.e., diffusion) of ions 

produced during the dissolution of C3S and increases with SMS content. 

The centrifugation test results revealed that most of SMS sheets tend to deposit 

on the surface of the cement particles (i.e., a-SMS sheets) (Fig. 14a) and a small amount 

of SMS sheets remain in the pore solution (i.e., f-SMS sheets). As such, we hypothesize 

that the dissolution kinetics of the cement particles are driven by both the a-SMS and f-

SMS sheets. Based on this, we believe that the SMS material has unique two hydration 

functions in cementitious materials that had not been seen with other nanomaterials.  
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Fig. 14 describes these two hydration functions. The first function is the rapid 

hydroxylation of C3S and the subsequent formation of the hydration phases as shown in 

Fig. 14b. In this case, the inner a-SMS layers directly in contact with the cement particle 

(Fig. 14b) undergo interfacial chemical reactions with C3S in the presence of water. 

During this chemical process, the highly reactive C3S breaks the inter- and intramolecular 

H-bonds between the hydroxyl/hydroxymethyl (-OH/-CH2-OH) functional groups of SMS 

which leads to deprotonation and the subsequent dissolution of the inner a-SMS layers 

(Fig. 14b). Consequently, a proton-rich environment is produced, and a fast proton 

exchange rate is enabled which results in a fast dissolution rate of C3S (Fig. 14b). This 

process increases the ionic strength of the pore solution due to increased concentration of 

Ca2+ and OH- ions which in return amplifies the formation of the hydration phases. The 

disruption of the inter- and intramolecular H-bonds between the hydroxyl/hydroxymethyl 

functional groups of the SMS layers also produces methanol (CH3OH) and ethanol 

(CH2H5OH) organic chemical compounds (Fig. 14c) in the pore solution which boosts 

the mobility of protons. This further accelerates the hydroxylation of C3S and increases 

the ionic strength of the pore solution, thereby intensifying the formation of the hydration 

phases.  

The second function is channeling water molecules from the pore solution to the 

unhydrated cement core. The outer undissolved a-SMS layers (Fig. 14c-d) remain 

embedded in the hydration phases and facilitate the transport of water from the pore 

solution to the unhydrated C3S. Unlike existing nanomaterials, the large specific surface 

area the number of functional groups allow SMS to diffuse water deep into the unhydrated 

C3S core thereby increasing the hydration depth of the cement particle (Fig. 14d). Similar 

to the inner a-SMS layers, the f-SMS sheets in the pore solution chemically interact with 

Ca2+ and OH- ions and undergo deprotonation due to the breakage of H-bonds between 



27 

 

their functional groups (Fig. 14b). This increases the density of protons involved in the 

ion exchange mechanism which accelerates the dissolution of C3S and the subsequent 

release of Ca2+ and OH- ions into the pore solution. This further amplifies the formation 

of the hydration phases. 

3.8. Effect of SMS on the microstructure of the cementitious composites 

3.8.1. Pore structure of SMS-cementitious composites 

The CV and EIS results elucidated the origin of the chemical reactions responsible 

for the enhanced hydration of cement when the SMS sheets are present. The effect of 

SMS on the microstructure of the cementitious composites was examined to confirm the 

CV and EIS experimental results. Fig. 15a shows the BET adsorption isotherms for the 

cementitious composites at 28 days. As shown in this figure, the isotherms are IUPAC 

classification type IV isotherms with H3 hysteresis loop. This indicates that the 

cementitious composites are marked by a very wide pore size distribution and contain 

mesopores [65,66]. Fig. 15a also shows that the hysteresis curves are quite narrow, and 

the adsorption and desorption branches are almost vertical and nearly parallel when the 

relative pressure is above 0.96, indicating the presence of slit-shaped pores in the 

cementitious composites [67]. 

The BET specific surface area (SSA) of the cementitious composites is given in 

Fig. 15b. As depicted, the SSA of the cementitious composites increases with increasing 

SMS concentration, and a maximum increase of 56.38% was obtained at a SMS 

concentration of 0.3 wt%. This demonstrates that the SMS increases the SSA of the 

hydration phases which is in line with previous studies on cementitious composites 

containing carbonaceous 2D nanomaterials such as GO and graphene [17,68,69].  

The cumulative pore volume and its derivative (i.e., pore size distribution) as a 

function of the pore size are plotted in Fig. 15c-d. These figures show that the pore volume 
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increases with increasing SMS concentration. This is attributed to an increased amount 

of the C-S-H hydration products [70]. Fig. 15d indicates that the bulk of the pores is 

centred 5-8 nm. 

3.8.2. Evolution of the microstructure of SMS-cementitious composites 

The XRD patterns of the cementitious composites with SMS at 7 and 28 days are 

depicted in Fig. 16. As shown, all cementitious composites exhibited the same hydration 

products. However, the intensity of the crystal diffraction peaks were influenced by SMS. 

From Fig. 16, we can see that at 7 and 28 days, the intensity of the ettringite, calcium 

hydroxide, and calcium carbonate peaks increased with increasing SMS concentration. 

This is more apparent at 28 days. The increase in the peak intensities is an indication of 

increased amount of the hydration phases resulting from the addition of SMS [71]. This 

is reflected in the increase of the mechanical properties of the cementitious composites 

containing SMS. 

The evolution of the microstructure of the cementitious composites at 14 days is 

shown in Fig. 17. The microstructure of the plain cement matrix (Fig. 17a) is of highly 

heterogenous nature and is marked by a high content of Ca(OH)2 particles with different 

sizes, pores, and unreacted cement particles. The addition of SMS renders the 

microstructure of the cementitious composites denser and somewhat homogenous. The 

microstructure of the cement matrix with 0.1-wt% contains stacked Ca(OH)2 particles 

intermixed with C-S-H gel (Fig. 17b). At higher SMS concentrations, the microstructure 

of the cementitious composites shows a compact microstructure with smaller Ca(OH)2 

particles embedded in C-S-H gels as shown in Fig. 17c-d. 

The effect of SMS on the microstructure of the cementitious composites at 28 

days is shown in Fig. 18. As shown, the plain cementitious composite is mainly composed 

of agglomerated Ca(OH)2 particles. The cementitious composites containing SMS show 
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better packing density due to the increased Ca(OH)2 and C-S-H hydration phases. 

Ettringite needles embedded in C-S-H are observed in the cementitious composite 

containing 0.30 wt%. The observed changes in the microstructure of the cementitious 

composites further confirm the results of CV and EIS characterization, that the addition 

of SMS leads to larger amount of hydration phases and better microstructural packing.  

3.9. Effect of SMS on the compressive and flexural strength of the cementitious composites 

Fig. 19a depicts the effect of SMS on the compressive strength of the cementitious 

composites at 7, 14 and 28 days. As shown, the compressive strength of all cementitious 

composites increases with curing age. It can also be seen that the addition of SMS resulted 

in a slight increase in the compressive strength. For a given curing age, the compressive 

strength somewhat plateaued between 0.1 and 0.3-wt% SMS, leading to an increase of 

4.89%, 3.93%, and 8.33% at 7, 14 and 28 days, respectively. These low compressive 

strength gains are in line with other studies that showed GO is more effective in improving 

the flexural strength of cementitious composites than the compressive strength [72,73]. It 

was found that the crack-bridging mechanism induced by GO increased the flexural 

strength more than the compressive strength [74].  

Fig. 19b depicts the variation of the flexural strength of the cementitious 

composites as a function of SMS concentration at 7, 14, and 28 days. As shown, the 0.20-

wt% concentration produced the highest flexural strength. At this concentration, the 

flexural strength is improved by 13.16%, 34.63% and 31.56 at 7, 14 and 28 days, 

respectively. This enhancement in the flexural strength is attributed to the improved 

hydration kinetics which resulted in more hydration products. The improvement of the 

flexural strength of the cementitious composites is attributed to the higher hydration 

degree and the reinforcing and crack-bridging effect provided by the SMSs. Owing to 

their hydroxyl groups, the SMSs can easily intercalate into the hydration products thus 
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linking them together to form a denser and packed microstructure. The enhanced SMS-

matrix adhesion/interlocking characteristics resulting from the wrinkled SMS sheets also 

improve the flexural strength of the cementitious composites. 

At 0.3-wt% concentration, the effect of SMS on the flexural strength is diminished. 

This is probably due to the formation of weak zones in the cement matrix created by the 

agglomeration of the SMS sheets [34]. In addition, recent studies have shown that when 

microsheets are used in cementitious materials in high concentrations, their high surface 

area and hydroxyl groups facilitate the agglomeration of the cement particles and the 

formation of a flocculation structure within the matrix [35,36]. These effects inhibit the 

efficiency of microsheets in enhancing the performance of cementitious materials. 

4. Conclusion 

This research investigated the influence of new SMS sheets on the hydration 

kinetics of cement using a combination of CV and EIS coupled with analytical 

characterization tools. The low cost and environmentally friendly SMS material was 

derived from beet pulp, a by-product of sugar manufacturing. The results revealed that 

the large specific area and the number of reactive functional groups enable the SMS sheets 

to perform two hydration functions in cementitious materials that had not been observed 

before. The first function is the rapid hydroxylation of C3S resulting from the dissolution 

of the SMS inner layers. The second function is the transport of water molecules from the 

pore solution to the unhydrated cement cores through the SMS layers that remained 

embedded in the hydration phases. These two hydration functions amplified the degree 

of hydration of cement and increased the amount of the hydration phases. Furthermore, 

The CV capacitance and the EIS electrical resistance of the cementitious composites 

correlated well with the change in the Ca(OH)2 content and DOH. As a result, the 

combined CV and EIS can be used to understand complex hydration kinetics of 
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cementitious materials infused with nano additives and monitor the evolution of their 

hydration phases. 

The workability of the cement pastes was not affected by the addition of SMS 

when the dosage is between 0.1 and 0.3-wt%. The workability, however, decreased 

significantly at higher SMS dosages. The maximum percentage decrease was 96.05% at 

a SMS dosage of 0.6-wt%. This can be attributed to the hydrophilic functional groups on 

the surfaces of SMS. This reduces the free water in the cement paste which in return 

reduces its workability. The more SMS is added, the more the free water is reduced.  

The mechanical properties of the cementitious composites were improved by the 

incorporation of SMS. However, this improvement is more pronounced in the flexural 

strength, indicating that SMS is more effective in improving the flexural strength than the 

compressive strength. At 28 days, the three SMS dosages produced somewhat similar 

compressive strength increases, around 8.33%, whereas 0.2-wt% produced the highest 

flexural strength increase of 31.56%. This is attributed to the higher degree of hydration 

and the improved strengthening effect resulting from the good SMS/matrix chemical 

bonding and mechanical interlocking, and crack-bridging mechanisms. The 

characteristics of the SMS-cementitious composites presented in this paper will help 

design concretes with improved engineering properties and lower carbon footprint for 

sustainable construction of infrastructure. 
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Figure Captions 

 

Fig. 1. Manufacturing process of the SMS sheets. 

 

Fig. 2. Cyclic voltammetry and electrochemical impedance spectroscopy characterization. 

(a) experiment setup, (b) schematic view of the setup. 
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Fig. 3. Morphology and thermal properties of the SMS sheets. (a) surface morphology, 

(b) cross-section morphology, (c-d) TEM images, (e) TGA curve and its derivative, (f) 

DSC curve and its derivative. 
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Fig. 4. Pore structure of SMS. (a) nitrogen sorption isotherm curves, (b) cumulative pore 

volume and pore distribution. 

 

Fig. 5. Interaction of SMS with cement particles. (a) Mini-slump workability results, (b) 

per gram mass of a-SMS percentage out of cement, (c) per gram mass of a-SMS 

percentage out of SMS, (d) schematic of a-SMS and f-SMS in cement paste. 



42 

 

 

Fig. 6. Hydration heat of SMS-cementitious composites Ca(OH)2. (a) effect of SMS on 

heat flow rate, (b) effect of curing age and SMS on latent heat of flow. 

 
Fig. 7. Thermal behaviour of SMS-cementitious composites. (a) TGA curves at 7 days, 

(b) TGA curves at 14 days, (c) TGA curves at 28 days, (d) DTG curves at 7 days, (e) DTG 

curves at 14 days, (f) DTG curves at 28 days, (g) DOH content, (h) Ca(OH)2 content. 
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Fig. 8. CV-based electrochemical properties of SMS-cementitious composites. (a) CV 

curves at 7 days, (b) CV curves at 14 days, (c) CV curves at 28 days, (d) Peak current 

against SMS concentration. 

 

Fig. 9. Capacitance of the electrochemical SMS-cementitious composites. (a) capacitance 

against SMS concentration, (b) capacitance against DOH, (c) capacitance against 

Ca(OH)2 content. 
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Fig. 10. Nyquist plots for the SMS-cementation composites at different curing ages. (a) 

paste with 0 wt%, (b) paste with 0.1wt%, (c) paste with 0.2wt%, (d) 0.3 wt%. 

 
Fig. 11. EIS-based electrical properties of SMS-cementitious composites. (a) typical bode 

plot of impedance and phase for 0.1 wt% at 7 days, (b) bulk electrical resistance against 

curing age, (c) bulk electrical resistance against DOH at 7, 14 and 28 days, (d) dielectric 

constant against SMS concentration at 28 days. 
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Fig. 12. Measured and fitted impedances of the cementitious composites at 28 days. (a) 

EC model, (b) 0% SMS, (c) 0.1-wt% SMS, (d) 0.2-wt% SMS, (e) 0.3-wt% SMS. 
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Fig. 13. EC parameter of the SMS-cementitious composites. (a) effect of SMS on Rs, (b) 

effect of SMS on Rct, (c) effect of SMS on Zw, (d) Warburg plots at 7 days, (e) Warburg 

coefficient against SMS concentration, (f) effect of SMS on Cdl.  
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Fig. 14. Hydration kinetics of SMS-cementitious composites. (a) cement particle with a-

SMS and f-SMS sheets in the pore solution, (b) breakage of H-bonds between (-OH/-

CH2-OH) functional groups of SMS, and deprotonation and dissolution of the inner a-

SMS layers, (c) formation of CH3OH and CH2H5OH, fast proton exchange and 

dissolution of C3S, (d) mechanism of water diffusion into the unhydrated C3S core and 

hydration growth.  



48 

 

 

Fig. 15. Effect SMS on the porosity of the SMS-cementitious composites at 28 days. (a) 

BET isotherms, (b) specific surface area against SMS concentration, (c) cumulative pore 

volume against pore diameter, (d) pore size distribution. 

 

Fig. 16. XRD analysis (2θ=5-65°) of cementitious composites with 0%, 0.1, 0.2 and 0.3-

wt% amount of SMS at (a) 7 days, (b) 28 days. 
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Fig. 17. SEM images of the SMS-cementitious composites at of 14 days (a) plain, (b) 

with 0.1wt%, (c) with 0.2 wt%, (d) with 0.3 wt%. 

 

Fig. 18. SEM images of the SMS-cementitious composites at 28 days. (a) plain, (b) with 

0.1 wt%, (c) with 0.2 wt%, (d) with 0.3 wt%. 
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Fig. 19. SMS-cementitious composites at 7, 14 and 28 days. (a) Compressive strength, 

(b) flexural strength.  
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Tables 

Table 1: Fitting results for different SMS concentrations and curing ages 

Day SMS 

(wt%) 

𝑅𝑠 

(Ω) 

𝐶𝑑𝑙 

(𝜇𝐹) 

𝑅𝑐𝑡 

(Ω) 

𝑍𝑤 

(Ω/cm2) 

𝐶𝑒 

(𝜇𝐹) 

𝑅𝑒 

(Ω) 

 

7 

0 928.9 4.84E-01 156.5 2.02E-04 1.28E-03 231.6 

0.1 1004 5.92E-01 141.2 2.91E-04 1.58E-03 234.8 

0.2 1074 1.58 87.65 9.55E-04 4.70E-4 298.3 

0.3 1163 8.68 148.6 7.71E-04 7.53E-4 258.7 

 

14 

0 1041 1.30E-03 295.7 1.34E-04 7.42 337.4 

0.1 1113 5.39E-02 113.3 3.81E-04 3.22E-4 436.6 

0.2 1239 2.54E-01 84.95 5.21E-04 3.66E-4 439.1 

0.3 1313 1.67 140.5 6.04E-04 7.73E-4 306.9 

 

28 

0 1142 7.895E-04 421.7 1.148E-04 7.512 337.3 

0.1 1222 1.40E-03 320.2 2.800E-04 2.30 353.7 

0.2 1335 1.53E-03 279 3.320E-04 5.04 367.8 

 0.3 1348 6.68E-01 166.9 3.920E-04 5.58E-4 421.6 
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Abstract 

This paper examines the influence of novel sugar beetroot-based micro sheets (SMSs) on 

the hydration of cement. The SMS material was added to cement pastes in different 

concentrations and the hydration kinetics of the cementitious composites were studied via 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The effect 

of SMS on the hydration development of cement, change in the pore size distribution and 

microstructural evolution were also quantified. The CV and EIS results revealed that the 

synergetic effect of the reactive SMS surface functional groups and tricalcium silicate 

(C3S) increased the ionic strength of the pore solution, ion diffusion rate and charge 

transport properties within the cementitious pastes. The CV and EIS measurements 

correlated well with the two main indicators of the cement hydration rate: the degree of 

hydration (DOH) and the calcium hydroxide (Ca(OH)2) content. The delineated hydration 

kinetics suggested that the SMS sheets accelerate the dissolution of C3S and increase the 

                                                 
 Corresponding author. E-mail address. m.saafi@lancaster.ac.uk (Mohamed Saafi) 

yin.chi@whu.edu.cn (Yin Chi)  

Manuscript File Click here to view linked References

mailto:yin.chi@whu.edu.cn
https://www2.cloud.editorialmanager.com/ccc/viewRCResults.aspx?pdf=1&docID=11600&rev=3&fileID=188493&msid=7660831d-c4d9-42ff-8b81-51a77d29dbd3
https://www2.cloud.editorialmanager.com/ccc/viewRCResults.aspx?pdf=1&docID=11600&rev=3&fileID=188493&msid=7660831d-c4d9-42ff-8b81-51a77d29dbd3


2 

 

hydration depth by channelling water from the pore solution to the unhydrated cement 

core thereby amplifying the growth of the hydration phases. As a result, the mechanical 

properties of the SMS doped cementitious composites were improved. The proposed SMS 

sheets are a potential sustainable and renewable biomaterial for improving the 

performance and reducing the carbon footprint of cementitious materials.  

Keywords: Cementitious composites, sugar beetroot, microsheets, degree of hydration, 

cyclic voltammetry, electrochemical impedance spectroscopy.  

1. Introduction 

The consumption of ordinary Portland cement (OPC)-based materials is 

increasing at a rapid pace to meet an ever-grown demand for concrete infrastructure 

systems. This is of great concern as the production OPC leads to CO2 emissions which is 

about 8% of the global CO2 emissions. One potential way to lower the environmental 

impacts of cement is to improve the performance and the longevity of cement-based 

materials [1–6], as early removal and replacement of concrete infrastructure systems from 

service with new concrete infrastructure systems increases CO2 emissions and demand 

for raw materials [7]. It has been shown that if the performance and longevity of cement-

based materials is increased by 50%, the demand for cement, aggregates and water will 

be reduced by 15%, 2.9 to 7.6 Gt and 0.28 to 0.83 Gt, respectively [8]. And it will also 

reduce energy consumption by 106 to 2.3 x 106 TJ and CO2 emissions by 0.4 to 0.7 Gt of 

CO2-eq [8]. This suggests that increasing the longevity of in-use of concrete infrastructure 

systems by enhancing the performance of OPC-based materials could be a critical means 

to reducing their environmental impacts. 

The strength performance of OPC-based materials depends on the amount of their 

hydration products, especially the calcium-silicate-hydration (C-S-H) phases, the 

principal binding agents in concretes [9]. Higher content of C-S-H phases increases the 
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engineering properties and improves the durability of OPC-based materials. This allows 

concrete infrastructure systems to have much longer service life with limited maintenance, 

thus lower carbon footprint. 

Several approaches have been examined with the objective of increasing the 

hydration phases of cementitious composites. For example, the use of one-dimensional 

(1D) nanomaterials in cementitious composites have been shown to enhance the 

engineering properties of the cementitious nanocomposites and ultimately their longevity 

and sustainability. It was found that the addition of carbon nanotubes (CNTs) and carbon 

nanofibers (CNFs) to cementitious materials increases the strength and stiffness of the 

cementitious nanocomposites [10–12]. CNTs and CNFs can control the nanoscale 

properties of cementitious nanocomposites such as hydration, matrix cracks from 

shrinkage and mechanical stresses. Previous studies demonstrated that CNTs and CNFs 

can improve the hydration kinetics of cement pastes, leading to improved growth of the 

hydration products [11,13–16]. Because of their large specific surface area, 2D 

nanomaterials such as graphene (G), graphene oxide (GO) and boron nitride (BN) 

outperform CNTs and CNFs in improving the hydration kinetics of cementitious 

composites and creating stronger and crack resistant cementitious composites [17–19]. 

However, due to high costs and energy consumption, and process-derived CO2 

emissions from their production, G, GO, BN, CNTs and CNFs have not been used on an 

industrial-scale manufacturing of cement-based products. 

Cellulosic nanomaterials have emerged as promising low-cost and abundant bio-

derived materials that can improve the performance of cement-based materials. One-

dimensional (1D) cellulose nanocrystals (CNCs) were used to fuse cementitious 

composites with the objective of improving the engineering properties of cementitious 

composites by increasing their hydration products [20–23]. However, due do their small 
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size and low-specific area, CNCs slightly improved the hydration kinetics of cement, 

resulting in a moderate enhancement of mechanical properties [24]. 

Electrochemical techniques such as polarization methods, cyclic voltammetry, 

AC impedance spectroscopy, and the new time-resolved methods are increasingly being 

used to characterize materials [25–29]. Recently, electrochemical impedance 

spectroscopy (EIS) has as emerged as a power powerful method for characterizing the 

hydration behaviour of cementitious composites, enabling a comprehensive 

understanding of the hydration kinetics [30]. In this method, a cementitious composite is 

treated as an electrochemical cell and its electrochemical impedance Z is measured by 

applying an AC voltage V over a wide range of frequencies, then measuring the current I 

across the cell. The electrochemical impedance Z is calculated as 𝑍 = 𝑉
𝐼⁄  [31]. The 

impedance measurements are typically plotted in the form of Nyquist plots where their 

shape is used to extract crucial information about the cementitious composite 

characteristics during hydration such as changes in the chemical, electrical and 

microstructure features [32]. The impedance measurements are also used to model the 

cement composite using equivalent circuit (EC) elements to uncover the effect of the 

cement paste ingredients on the hydration kinetics [32]. The impedance measurements 

are often complemented by the cyclic voltammetry (CV) measurements. CV 

measurements are commonly used to analyze chemical reactions and ion diffusion in cells 

such as energy systems [33]. CV involves measuring the current while sweeping a voltage 

across the cell. The measured current is affected by the electron transfer between the 

chemical species within the cell and the electrodes, and ion diffusion and migration within 

the cell solution [33]. Even though, it has not yet been used in cementitious materials 

extensively, CV can shed light on the electrochemical processes in cementitious materials 
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by quantifying the dissolution of the cement particles and the change in the pore solution, 

and the subsequent formation of the hydration phases. 

Recently, we have successfully synthesized novel microsheets from sugar beet 

pulp (SMS) recovered from solid waste of the sugar industry for use in cementitious 

materials [34]. Unlike current 2D nanomaterials, the developed SMS microsheets have 

larger specific area and contain a larger number of hydroxyl groups on their surfaces, thus 

more easily dispersed in water. The SMS microsheets are renewable and much cheaper 

(around $10/kg) than existing 2D nanomaterials, thus making them suitable for large 

applications in the construction industry to improve the performance and reduce the 

carbon footprint of construction materials. Recently, we have demonstrated through 

computation that SMS significantly increases the engineering properties of cementitious 

composites. Indeed, our molecular dynamics simulations have shown that this 

improvement is attributed to the ability of SMS to both strengthen the hydration product 

particles and improve the hydration kinetics of cement [35–37]. 

The effect of the newly developed SMS on the hydration kinetics of OPC is quite 

complex and is not thoroughly understood, and the interaction mechanisms between the 

SMS and the OPC particles during hydration are still not experimentally established. 

Therefore, deep understanding of the hydration behaviour of these new SMS-

cementitious composites through experimentation is deemed necessary for the design and 

optimization of their engineering properties. This will accelerate the adoption of these 

low-carbon materials in the construction industry. 

In this paper, for the first time, we combine cyclic volumetric (CV) and the 

electrical impedance spectroscopy (EIS) techniques to uncover new hydration functions 

of SMS in cementitious materials and elucidate the main hydration kinetics of the SMS-

cementitious composites. The interaction between the SMS sheets and the cement 
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particles in their fresh state was firstly determined through centrifugation tests. Then, the 

influence of SMS on the hydration mechanism of the cement pastes was probed using 

EIS and CV. An equivalent circuit model for the cementitious composites was developed 

to ascertain the role of the SMS sheets in the cement hydration kinetics. In addition, BET, 

TGA, DSC, SEM and TEM analytical tools were used to characterize the SMS sheets and 

quantify their effect on the formation of the hydration products and the evolution of the 

microstructure of the cementitious composites. And the quantified Ca(OH)2 content and 

DOH were correlated with the two main CV and EIS parameters: capacitance and 

electrical impedance. 

2. Experimental program 

2.1. Preparation of the SMS material 

The SMS manufacturing process is shown in Fig. 1 and discussed in detail in 

[34,37]. The first step of the manufacturing process involved diluting sugar beetroot pulp 

with a solid content of 1.0% by weight. The pH of the mixture was then raised and kept 

constant at 14 by adding a 0.5M sodium hydroxide (NaOH) solution. Subsequently, the 

amounts of hemicellulose and pectin were extracted from the mixture. The mixture was 

then homogenized at a temperature of 90°C for 5 hours using a stirring blade with a 

rotation speed of 11m/s. The homogenized solution was filtered to remove the dissolved 

material, resulting in an SMS paste with a solid content of 8% and an average SMS sheet 

size of 50μm x 50μm in lateral size and 0.25μm thickness. The manufacturing process 

consumes low power and is interfaceable with renewable electricity, enough to operate 

all sub-processes in the SMS making. 

The environmentally friendly SMS are formed by linked β-1-4 glycosidic (C-O-

C) bonds. The chemical functional groups on the SMS backbone tetrahydropyran ring 
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include hydroxymethyl group (-CH2OH), hydroxy group (-OH) and hydrocarbon methine 

group (-H) (Fig. 1). Compared to GO, the high content of hydroxyl and hydroxymethyl 

groups makes SMS more efficiently and evenly dispersed in aqueous solutions. 

2.2. Preparation of the cement pastes 

Ordinary Portland Cement (OPC) type CEM I 52.5 N with a water-cement ratio 

of 0.35 was used to prepare the cement pastes. A commercially available superplasticizer 

(Glenium 51) was used at a concentration of 1-wt% to enhance the workability of the 

cement pastes. Solutions with concentrations of 0, 0.1, 0.2 and 0.3-wt% of SMS were 

prepared and added to the cement pastes. To keep the water/cement ratio of 0.35 constant 

throughout the experimental program, the required amount of mixing water was adjusted 

to take into consideration the water that is already available in the SMS paste. The 

solutions were prepared by sonicating the required amounts of SMS, water and 

superplasticizer for a period of 30 minutes using a tip sonicator (S-450A Branson 

UltrasonicsTM SonifierTM) under 50% duty cycles. The SMS suspensions were mixed with 

cement for 7 minutes and the resulting cement pastes were poured into 50 mm x 50 mm 

x 50 mm and 40 mm × 40 mm × 160 mm plastic moulds.  

The mini-slump test was performed to evaluate the influence of SMS on the 

workability of cementitious composites. The spread diameters formed by the pastes were 

measured upon lifting a mini-slump cone with top diameter, bottom diameter and height 

of 70 mm, 100 mm, and 60 mm, respectively [38]. During the test, the paste was carefully 

poured into the mould and subsequently vibrated. After removing the excess paste from 

the top surface, the mould was lifted vertically to allow the cement paste to cure for 24 

hours, the slump diameter was then determined as the average of two measurements for 

each SMS dosage [39]. 
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The cube specimens were used to quantify the compressive strength, hydration 

and microstructure evolution of the cementitious composites using TGA/DSC, SEM, 

EDS and BET analytical tools. The prisms were used to investigate the flexural strength 

and hydration mechanism of the SMS-modified cementitious composites using CV and 

EIS. Stainless steel electrodes were inserted into the prisms with 120 mm apart to enable 

CV and EIS measurements. The prisms and the cubes were left to cure for 24 hours at 

room temperature and then cured in water for 7, 14 and 28 days at a temperature of 22oC.  

2.3. Centrifugation test of cementitious composites 

We hypothesize that the hydration kinetics of the cementitious composites are 

controlled by the synergetic interaction between the cement particles and the SMS sheets. 

And this synergetic interaction is governed by the amount of SMS sheets adsorbed (a-

SMS) onto the surface of the cement particles. As such, centrifugation tests were carried 

out following [40] to determine the concentration of a-SMS using a MSE Mistral 2000 

centrifuge. Cement pastes with a mass of 200g containing SMS at concentrations of 0, 

0.1, 0.2 and 0.3-wt% were centrifuged after mixing. The pastes were placed in centrifugal 

bottles and centrifuged at 3000 pm for 20 minutes. Subsequently, the centrifuged 

supernatants were collected and filtered through Cole-Parmer Sterile Cell strainers (40 

µm) to remove the cement particles. The filtrates were then oven dried at 45°C for 48 

hours to evaporate the water. The dried filtrates obtained from the plain cement pastes 

contained cement supernatant salt and alkali that are available in the pore solution [41]. 

And the dried filtrates obtained from the SMS infused cement pastes contained free SMS 

(f-SMS), and cement supernatant salt and alkali that are in the pore solution. The amount 

of f-SMS was obtained by subtracting the weight of the dried filtrates obtained from the 

plain paste from the weight of the dried filtrate obtained from the paste infused with SMS. 
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The amount of a-SMS was obtained by subtracting the weight of f-SMS from the weight 

of SMS added to the paste as outlined in [40]. 

2.4. Electrochemical characterization of the cementitious composites 

The electrochemical behaviour of the cement pastes was investigated with cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) to elucidate the 

influence of SMS on the evolution of the hydration kinetics of the cementitious 

composites at 7, 14 and 28 days, using the cement pastes as electrochemical cells. 

Potentiostat (Gamry Interface 1000) was employed to obtain the CV characteristics of the 

cementitious composites using the two-probe method as shown in Fig. 2. During this test, 

an electrical current was passed through the cementitious composite as the voltage is 

swept between -0.5 V and 0.5 V using a scan rate of 0.2V/s for 10 cycles. Gamry 

softwareTM was used to produce current vs voltage spectra to extract qualitative hydration 

kinetics of the cementitious composites. 

The EIS measurements were carried out using frequencies between 0.1 Hz and 1 

MHz and a sinusoidal voltage of 10 mV. Gamry softwareTM was employed to analyse the 

EIS results and obtain the equivalent circuit for the cementitious composites. 

2.5. Thermal analysis of cementitious composites 

Thermal analysis of SMS and cement pastes was carried out via the 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) analysis 

methods using STA 449 F3 Jupiter instrument. This was done to characterize the thermal 

behaviour of the SMS sheets and cement pastes, and quantify the degree of hydration 

(DOH) and the change in the calcium hydroxide (Ca(OH)2) content in the cementitious 

composites. Air dried SMS samples were transferred into Al2O3 crucibles for heating. 

During heating, the apparatus chamber temperature was gradually increased from 20°C 

to 1100°C at a rate of 10°C/min. Cementitious samples obtained by crushing cement 
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cubes were grounded into powder to carry out the thermal analysis of the cementitious 

composites at 7, 14 and 28 days. The powdered cementitious samples were placed in 

Al2O3 crucibles for heating. During heating, the chamber temperature was first raised 

from 20°C to 140°C at a heating rate of 10°C/ min. Then, the temperature was held at 

140°C for 30 minutes to remove evaporable water [42]. Finally, the samples were 

subjected to heat from 140°C to 1100°C at a heating rate of 10°C/min. The TGA and DSC 

experiments were conducted under nitrogen with a flow rate of 25.00 ml/min and were 

repeated three times. 

2.6. Microstructure characterization of the cementitious composites 

The morphology of the SMS sheets and SMS-infused cement pastes was 

examined using scanning electron microscopy (SEM) (JEOL JSM-7800F) fitted with X-

Max50 Silicon Drift Detector (SDD) of an area of 50 mm2. After coating with gold, SEM 

micro images of the air-dried SMS sheets and the fractured surface of the cement samples 

(prepared at 7, 14 and 28 days) were produced at a voltage of 2-15 kV and room 

temperature. JEM-1010 transmission electron microscope (TEM) was used to determine 

the morphology of the SMS sheets. A 0.2-wt% SMS suspension was first diluted and 

ultrasonicated for 30 minutes. The solution was then deposited onto carbon-coated TEM 

grids. The excess liquid was removed with a filter paper and the samples were air-dried 

at room temperature. The TEM images were produced at an accelerating voltage of 80 

kV voltage. 

XRD analysis was performed using an Agilent SuperNova single-crystal X-ray 

diffractometer. Cementitious composite samples containing SMS were prepared in a 

powdered form at 7 and 28 days to facilitate the XRD examination. The XRD patterns 

were obtained by scanning from 5° to 65° (2θ) with Cu Kα radiation (λ = 1.5418Å) at a 

scanning rate of 2°/minute, under ambient conditions. The X-ray diffractometer operated 
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at a voltage of 40kV using a filament current of 40mA and a step size of 0.02°. The pore 

size, pore volume and specific surface area of the SMS sheets and cementitious 

composites were quantified by the Brunauer–Emmet–Teller (BET) method using a 

nitrogen adsorption instrument (MICROACTIVE 3FLEX 3500, Micromeritics, 

Germany). Prior to testing, The SMS samples were dehydrated in the vacuum and dried 

at 40°C for 120 minutes under a pressure 10-6 Pa and the cementitious composite powder 

samples (sieved less than 1 mm) were dehydrated in the vacuum and dried at 100°C for 

180 minutes under a pressure of 10-6 Pa. 

2.7. Mechanical characterization of the cementitious composites 

The influence of SMS on the compressive strength of the cementitious composites 

was evaluated using an universal testing machine (UTM) (Instron 8802J5219, 250KN) 

according to ASTM C 109 [43], at a loading rate of 0.5 MPa/s. The compressive strength 

of the cubes (50 mm x 50 mm x 50 mm) were determined at 7, 14 and 28 days. The prisms 

were tested on an ASTM Zwick Roell Z020 machine (C090204019, 20KN, Germany). 

The flexural strength of the cementitious composites was evaluated using a four-point 

bending test at 7, 14, and 28 days in accordance with ASTM C78 [44]. Prisms (40 mm x 

40 mm x 160 mm) were tested using a displacement control at a constant loading rate of 

0.01 mm/min. 

3. Results and discussion 

3.1. Morphology, thermal behaviour and pore structure of SMS 

Fig. 3a-b shows SEM images of the SMS sheets. As can be seen, the morphology 

of the SMS sheets consists of rippled and wrinkled surface textures. Fig. 3b shows a 

typical SEM image of the SMS sample with a total thickness of about 0.25 mm. From 

this figure, we can see that the sample is composed of staked and overlapped sheets. The 
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SMS sheets have a thickness of about 0.25 m (Fig.3b). The TEM images in Fig. 3c-d 

indicate that the SMS are consisting of randomly oriented and stacked nanofibers with 

diameters in the 5-8 nm range. The average lateral size of the SMS sheet is about 50 m.  

The thermal stability of the SMS sheets is an important parameter as it indicates 

whether the SMS sheets can resist the action of heat generated during cement hydration. 

The thermal behaviour of the SMS sheets is shown in Fig. 3e. From this figure we can 

see that the thermal decomposition process of SMS is mainly divided into two stages: 

slow pyrolysis in the temperature range of 20°C to 200°C and rapid pyrolysis in the 

temperature range of 200°C to 600°C. The slow pyrolysis is the mass loss of the 

hydrophilic bound water by evaporation whereas, the rapid pyrolysis is the sharp mass 

loss of the functional groups after SMS dehydration. This is due to the thermal 

degradation of both the functional group of SMS in the temperature range of 200°C to 

380°C and the tetrahydropyran ring backbone structure of SMS in the temperature range 

of 440°C to 580°C. The DTG peaks indicate that the maximum temperature 

depolymerization of the SMS functional groups is 329°C and the depolymerization 

temperature of the tetrahydropyran ring of SMS is around 518°C. The mass loss of SMS 

remains unchanged between 580°C and 1100°C with a residual mass weight of 20%. 

Fig. 3f shows the DSC thermogram and its derivative for the SMS sheets in the 

temperature range of 20°C to 1000°C. From the derivative of the DSC curve, we can see 

that the first endothermic broad peak between 20°C and 200°C corresponds to the 

rearrangement of the molecular chains of SMS caused by the evaporation of bound water. 

The second endothermic peak between 200°C and 380°C is attributed to the colloidal 

bond cleavage. The third endothermic transition between 440°C and 580°C corresponds 

to the depolymerization of cellulose based SMS. The occurrence of the endothermic hump 

and the first peak phenomena are similar to amorphous cellulose [45]. It is worth noting 
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that conventional cellulose typically completes its depolymerization over a temperature 

range of 200°C to 400°C [46,47], whereas the depolymerization of the tetrahydropyran 

ring backbone of the SMS material is completed over a temperature range of 200-580°C. 

This indicates, the SMS material has higher thermal resistance than conventional 

cellulose [46] and can resist the cement hydration temperature which is about 70oC. 

The N2 adsorption-desorption isotherms of the SMS sheets are shown in Fig. 4a. 

This figure shows that the SMS sheets have a BET specific surface area of 68.35 m2/g. 

The pore size distribution and total pore volume of SMS calculated according to BJH 

theory are shown in Fig. 4b. As can be seen, the average pore diameter and the pore 

volume of SMS are 8.19 nm and 0.14 cm3/g, respectively. Fig. 4b indicates that the pore 

size distribution of SMS is a bimodal pore size distribution in the 0-10 nm range with a 

small number of pores in the 40-80nm range. It is worth mentioning that in comparison 

to SMS, GO exhibits lower specific surface area [48]. This means SMS outperforms GO 

for boosting the hydration of cement particles due their higher reactive surface area.  

3.2. Interaction of SMS sheets with cement particles  

Fig. 5a illustrates the change in the workability as a function of SMS dosage. As 

shown, the addition of 0.1, 0.2 and 0.3-wt% SMS did not affect the workability of the 

cement pastes. However, the workability decreased significantly at SMS dosages higher 

than 0.3-wt%. The addition of 0.40-wt%, 0.50-wt%, and 0.60-wt% SMS decreased the 

diameter of the pastes by 86.59%, 90.75%, and 96.05%, respectively. This can be 

attributed to the high specific surface area of SMS and its dominant hydrophilic functional 

groups which tend to absorb and consume most of the free water in the cement pastes. 

This results in increased friction between the cement particles which in return decreases 

the workability of the cement pastes [49]. 
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The effectiveness of the SMS sheets in promoting the dissolution of C3S 

compound during hydration is governed by the direct chemical interaction of C3S with 

the SMS sheets adhered to the surface of the cement particles. The higher the amount of 

the adhered SMS sheets, the higher the surface hydroxylation rate of C3S. As such, the 

experimental results obtained from the centrifugation experiments were used to determine 

the amount of a-SMS adhered to the surface of the cement particles. Fig. 5b shows the 

change in the mass of a-SMS per gram of cement as a function of SMS concentration, 

whereas Fig. 5c shows the change in the percentage of a-SMS (i.e., a-SMS/(a-SMS+f-

SMS)) as a function of SMS concentration. As shown in Fig. 5c, the mass of a-SMS is 

directly proportional to the SMS concentration, where about 92% of SMS are adhered to 

the surface of the cement particles. The interaction mechanism of SMS with a cement 

particle is illustrated in Fig. 5d. As depicted, the large surface area and the chemical 

functional groups enable the SMS sheets to cling to the surface of the cement particle. 

The large negatively hydroxymethyl (-CH2OH) hydroxyl (-OH) groups on the surface of 

SMS are attracted to the main positively charged Ca2+, leading to an electrostatic self-

assembly mechanism and the cement particles become wrapped around by the SMS 

sheets. Here, we believe that the f-SMS sheets (8% of total SMS) remain in the pore 

solution. The following sections elucidate the effect of the SMS sheets on the hydration 

kinetics of the cementitious composites.  

3.3. Thermal analysis of the cementitious composites 

The influence of SMS on the hydration of the cement pastes can be quantified by 

simply analysing the heat flow and heat of fusion obtained from the DSC measurements. 

Fig. 6a depicts the effect of SMS on the heat flow first peak at 7 days. The first peak 

which is known as the dissolution peak is associated with the dissolution of calcium 

silicate phases and the initial precipitation of ettringite [50]. As shown, the intensity of 
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the dissolution peak increases as the SMS concentration increases. This can be attributed 

to the fact that the SMS sheets with high specific area accelerate the hydration of cement 

and provide additional surface for nucleation and growth of the hydration phases [51]. As 

such, the more SMS is used, the more heat is generated. Fig. 6a also shows that the 

dissolution peak shifts to the left due to the addition of SMS. This means that SMS 

increases the dissolution rate of the cement phases. This can be confirmed by the change 

in the latent heat of fusion of the cementitious composites as shown in Fig. 6b. As can be 

seen, the laten heat fusion of the cementitious composites increases with both curing age 

and SMS concentration due to the increase of the hydration products. 

The influence of SMS on the formation of the hydration phases can also be 

quantified from the thermal degradation of the hydrated cement pastes. Fig. 7a-c displays 

the effect of SMS on the thermal decomposition of the cementitious composites at 7, 14 

and 28 days where amount of the mass loss gradually increases with SMS concentration. 

Fig. 7a-c show that the thermal decomposition of the cement pastes goes through three 

main weight loss stages. The weight loss of the cement pastes due to the gradual loss of 

the bound water takes place in the first stage, between 140 and 300°C. In the second stage, 

the thermal dehydration of Ca(OH)2 occurs in the temperature range 420 to 480°C. Finally, 

in the third stage, the decomposition of calcium carbonate (CaCO3) takes place between 

600 and 780 °C [40,52]. As can be seen in Fig. 7c, the final weight loss of the cement 

pastes at 28 days increases with SMS concentration due to more evaporation of the 

chemically bound water (CBW) from the thermally decomposed hydration products.  

Fig. 7d-f show the derivative thermogravimetry (DTG) curves of the cement 

pastes at 7, 14 and 28 days. The DTG peaks in this figure indicate that the cementitious 

composites lost their CBW or decomposed at a specific temperature range, regardless the 

SMS content. The range of pyrolysis peaks shown in Fig. 7d-f confirm that the weight 
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loss of C-S-H (140-300°C), Ca(OH)2 (420-480°C) and Ca(CO3) (600-780°C) phases 

occurs in different temperature ranges. The increase in the intensity of the DTG peaks 

due to the addition of SMS is an indicative of more hydration products being decomposed. 

Furthermore, the decomposition peak of Ca(CO3) phase gradually shifts towards the left 

(decomposition temperature decreased around 10°C) when the SMS content increases. 

This is due to the decomposition of SMS/Ca(CO3) composites which takes place slightly 

prior to the plan Ca(CO3) phase. The DTG results further demonstrate that the addition 

of SMS amplifies the formation of the hydration phases. 

The thermal mass loss of the cementitious composites is related to DOH. Hence, 

the DOH was calculated according to the method described in [42].  

𝐷𝑂𝐻(𝑇𝐺𝐴) =

𝑚(𝑐𝑏𝑤)
𝑚(𝑟𝑒𝑚𝑎𝑖𝑛)

0.23
(1)

 

Where m(cbw) is the mass of chemically bound water and m(remain) is the mass of 

samples remaining in the crucible. 

Fig. 7g shows the calculated DOH at 7, 14 and 28 days. As shown, the DOH 

increases with SMS content. At a SMS content of 0.3-wt%, the DOH increased by 3.5%, 

6.1% and 5.6% at 7, 14 and 28 days, respectively. Fig. 7h shows the effect of SMS on the 

amount of Ca(OH)2. The amount of Ca(OH)2 in the cementitious composites was 

calculated according to [34]. As can be seen, the trend of Ca(OH)2 increasing with SMS 

concentration is similar to that of DOH. At a SMS content of 0.3 wt% increased the 

amount of Ca(OH)2 by 5.04%, 10.29% and 13.45% at 7, 14 and 28 days, respectively. 

The increase of Ca(OH)2 is indicative of the increase of the other hydration products such 

as C-S-H as a result of the addition of SMS. 
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3.4. Electrochemical response of SMS cementitious composites using voltammetry  

The hydration kinetics behind the observed increase in DOH and Ca(OH)2 are 

uncovered by examining the electrochemical response of the cementitious composites. 

As such, the influence of the SMS sheets on the electrochemical behaviour of the cement 

pastes during hydration was investigated using CV where the electrochemical cement 

paste cells were charged and discharged between -0.5 V and 0.5 V. Fig. 8a-c show the 

CV curves at different SMS concentrations and curing ages. CV plots the amount of the 

electrical current flowing through the electrochemical cement cell when the voltage is 

varied between -0.5 V to 0.5 V. As shown, the CV curves exhibit elliptical and 

symmetrical shapes, indicating that the cementitious composites are behaving like electric 

capacitors [53]. From the CV curves, the peak current is estimated at a potential of 0.5 V 

and plotted against SMS concentration at different curing ages as shown in Fig. 8d. As it 

can be observed, the intensity of the current flowing through the cement pastes during 

hydration increases with SMS concentration and decreases with increasing curing age. 

This means the SMS sheets facilitate the movement of electrons towards the electrodes 

while the curing age diminishes the movement of electrons towards the electrodes. This 

electrochemical reaction mechanism can be ascertained by examining the influence of the 

SMS sheets on the capacitance of the electrochemical cement pastes. 

The capacitance C of the electrochemical cement paste cells was calculated using 

the following equation [54]: 

𝐶 =  
∫ 𝐼𝑑𝑉

2𝜈Δ𝑉 
(2) 

Where ∫ 𝐼𝑑𝑉 is the integrated area of the CV curve, Δ𝑉 is the potential voltage window 

and 𝜈 is the scan rate (V/s). The influence of SMS on the capacitance of the cement pastes 

at 7, 14 and 28 days is shown in Fig. 9a. As illustrated, at a specific curing age, the 
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capacitance of the cementitious composites increases with increasing SMS concentration. 

This increase however is predominant in the first 7 days of hydration. The a-SMS sheets 

increases the ionic strength (i.e., increased ion concentration) of the pore solution, as a 

consequence of their direct interaction with C3S. The chemical functional groups such as 

hydroxymethyl (-CH2OH), hydroxy (-OH) and hydrocarbon methine group (-H) allow 

for dissolution catalysis to occur due to the interaction of the a-SMS sheets with the highly 

reactive C3S. This increases the density of ions, mainly Ca2+ and OH-, which in return 

increases the ionic strength of the pore solution. This increase could also be attributed in 

part to the accumulation of the released ions (i.e., Ca2+, OH-) into the porous a-SMS sheets. 

As the hydration progresses the ions in the pore solution are consumed and amount of the 

hydration phases are increased. This dampens the diffusion and electric mobility of ions 

which results in reduction of the capacitance of the cement pastes when the curing age 

increases. 

The influence of DOH and Ca(OH)2 on the capacitance of the cementitious 

composites is shown in Fig. 9b-c at the three SMS concentrations. The increase in DOH 

and Ca(OH)2 is a good indicator of the evolution of the other hydration phases such as C-

S-H products. As shown, the capacitance is proportional to both DOH and Ca(OH)2. The 

rate of change of the capacitance with respect to DOH and Ca(OH)2 is more predominant 

at 7 days due to higher ionic strength of the cementitious composites. The lower rate of 

change of the capacitance at 14 and 28 days of curing is due to lower ionic conductivity 

of the cementitious composites due to the consumption of ions in the pore solution. The 

positive change in the capacitance of the cement pastes reflects the increase in the 

hydration phases resulting from the inclusion of SMS. As such, the cyclic voltammetry 

method presents a good tool to understand and monitor the hydration of cementitious 

composites containing reactive additives. 
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3.5. Electrochemical response of SMS cementitious composites using EIS 

EIS characterization was used to complement the CV analysis of the hydration 

kinetics of the cementitious composites. Fig. 10 shows the Nyquist plots for the 

cementitious composites at 7, 14 and 28 days. As illustrated, each Nyquist plot is 

composed of a depressed capacitive arc in the high frequency region and somewhat a 

straight line representing the Warburg impedance in the low frequency region. The 

depressed capacitive arc represents the charge transfer at the electrode-ionic solution 

interface and the straight line represents the diffusion of ions into the electrodes. It is 

worth noting that in the middle-frequency range, the impedance of the cementitious 

composites somewhat decreases with the curing age. This is probably due to the effect of 

the porosity of the hydration phases. Previous studies have shown that Nyquist plots in 

the medium-frequency region describe the effect of porosity of materials on the ionic 

conductivity [55]. C-S-H phases are porous and considered as ionic materials due to their 

good ionic conductivity [56]. Hence, we hypothesize that the observed change in the 

impedance in the medium-frequency range is due to the fact that as the hydration 

continues, more C-S-H phases are produced thereby facilitating ion diffusion through 

their pores which in return decreases the electrical resistance of the matrix. 

The EIS data was further analysed to delineate effect of SMS on the change in the 

hydration products of the cementitious composites. This was done by examining the 

change in the bulk resistance and dielectric constant of the cementitious composites. The 

bulk electrical resistance was calculated from the bode plot of the impedance modulus 

𝑙𝑜𝑔|𝑍| and phase as depicted in Fig. 11a. In this figure, a cementitious composite with 

0.1wt% SMS is used as an example to show how the bulk electrical resistance was 

calculated. As shown in Fig. 11a, the blue dashed rectangles show the phase plateauing 

near zero in the high frequency range of 5×103 to 5×104 Hz and the 𝑙𝑜𝑔|𝑍| values in this 
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frequency range where the phase is plateauing near zero. In this frequency range, the 

cementitious composite exhibits a resistive behaviour, and its bulk electrical resistance 

can be calculated from the average 𝑙𝑜𝑔|𝑍| values as 𝑅 (Ω)  =  10𝑙𝑜𝑔|𝑍|. 

The bulk resistance values are given in Fig. 11b at 7, 14 and 28 days for different 

SMS concentrations. This figure indicates that there is a trend of increasing bulk 

resistance with increasing SMS concentration due to enhanced growth of the hydration 

products. This can be demonstrated in the plot of the bulk electrical resistance versus the 

degree of hydration (Fig. 11c), obtained from the thermal analysis of the cementitious 

composites. Fig. 11c shows that the bulk electrical resistance increases with increasing 

DOH. This is because the formation of the hydration phases consumes the highly 

conductive ions in the pore solution thereby increasing the bulk electrical resistance of 

the cementitious composites [57]. This implies that EIS is a useful tool for both 

interpreting the hydration processes of cement and real time monitoring of DOH. 

The change in the dielectric constant (𝜀′) of the cementitious composites at 28 

days is shown in Fig. 11d. The dielectric constant (𝜀′) was calculated using the following 

equation: 

𝜀′ =
𝑑𝑍′′

2𝜋𝑍2𝜖0𝐴
(3) 

where d is the distance between the electrodes, 𝑍′′ is the imaginary impedance, 𝑍 is the 

total impedance, 𝜀0  is the vacuum dielectric constant and 𝐴  is the contact area of the 

electrodes. Fig. 11d shows that the dielectric constant of cementitious composites 

decreases with frequency. This is due to the reduction of space charge polarization effect. 

During the hydration of the plain cement paste, the primary Ca2+ and OH- ions are leached 

from C3S. These unbound charged ions polarize in response to the applied electric field 
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which is responsible for the measured dielectric constant of the cement paste. As the 

hydration kinetics progress, Ca(OH)2, C-S-H and ettringite hydration phases begin to 

form which in return hinders the polarization of the charged ions thereby reducing the 

initial dielectric constant [58,59]. Fig. 11d also shows that at a fixed frequency, the 

dielectric constant of the cementitious composites decreases with increasing SMS 

concentration. This decrease is attributed to the effect of SMS on the hydration kinetics 

of cement. The addition of SMS increases the release of the primary Ca2+ and OH- ions 

into the pore solution, resulting in higher ionic conductivity (i.e., higher ionic strength of 

the pore solution). This amplifies the growth of the hydration phases. These hydration 

phases along with the porous SMS sheets hamper the polarization of the charged ions, 

resulting in a further decrease in the dielectric constant. This means, the more SMS sheets 

in the cement paste, the lower the dielectric constant, as shown in Fig. 11d. 

3.6. Equivalent circuit model for the SMS cementitious composites 

To further understand the hydration process of the cementitious composites and 

delineate the main mechanisms by which the SMS sheets accelerate the hydration rate of 

cement, an equivalent circuit (EC) model was developed and the effect of the addition of 

SMS on its electrical components was characterized. The two in-series-components of 

the EC model for the cementitious composites are shown in Fig. 12a. Bode plots showing 

the fit of the EC model to the measured impedances at 28 days are given in Fig. 12b-e. 

This figure indicates that the EC model fits adequately the measured impedances. 

In the EC model, the cement paste is represented by its pore solution resistance 

(𝑅𝑠 ), double layer capacitance ( 𝐶𝑑𝑙 ), charge transfer resistance (𝑅𝑐𝑡 ) and Warburg 

impedance ( 𝑍𝑤 ) and the electrodes are represented by their capacitance ( 𝐶𝑒 ) and 

resistance (𝑅𝑒). 
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The Warburg element (𝑍𝑊), represents the ion diffusion in the cement paste. The 

Warburg element is generally described by its parameters in the following equivalent 

impedance equation.  

𝑍𝑤 = 𝜎𝜔−
1
2(1 − 𝑗) (4) 

𝜔 = 2𝜋𝑓 (5) 

where is a Warburg diffusion coefficient and 𝑓 is the operating frequency. 

The values of the EC components were determined for each SMS concentration 

and curing age by fitting the experimental impedances using Gamry Echem Analyst 

program version 6.25. The fitted values of the EC model components and their errors are 

given in Table 1. 

The total impedance Z of the equivalent circuit model shown in Fig. 12a can be 

expressed as:  

𝑍 = 𝑅𝑠 +
𝑅𝑐𝑡 + 𝜎𝜔−

1
2(1 − 𝑗)

1 + 𝑗𝜔𝑅𝑐𝑡𝐶𝑑𝑙 + 𝑗𝜔𝑍𝑊𝐶𝑑𝑙
+

𝑅𝑒

1 + 𝑗𝜔𝑅𝑒𝐶𝑒

(6) 

The real part 𝑍′ is given by: 

𝑍′ = 𝑅𝑠 +
𝑅𝑐𝑡 + 𝜎𝜔−

1
2

(1 + 𝜔
1
2𝜎𝐶𝑑𝑙)

2

+ 𝜔2𝐶𝑐𝑙
2 (𝑅𝑐𝑡 + 𝜎𝜔−

1
2)

2 +
𝑅𝑒

1 + (𝜔𝑅𝑒𝐶𝑒)2
(7) 

The influence of SMS on the hydration of the cement pastes can be elucidated by 

examining the change in the main cement paste parameters Rs, Rct, 𝐶𝑑𝑙 and 𝑍𝑤 of the real 

parts of the impedance (Eqs. 7). Fig. 13a shows the effect of SMS on the resistance of the 

pore solution (Rs) at different curing ages. As shown, the resistance of the pore solution 

increases with increasing SMS concentration. This can be attributed to the fact that the 
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ions and the free water are consumed immediately after the dissolution of the cement 

particles to produce hydration products which in return increases the resistance of the 

pore solution. Due to their high electrical resistance and surface area, the SMS sheets fill 

the capillary pores in the cement pastes thereby increasing their overall electrical 

resistance. Fig. 13a also shows that the electrical resistance of the pore solution increases 

with curing age due to the formation of the hydration gels in the capillary pores.  

The influence of SMS on the charge transfer resistance (𝑅𝑐𝑡) of the cement pastes 

at the at 7, 14 and 28 days is depicted in Fig. 13b. The charge transfer resistance represents 

the resistance against the process of electron movement between the cement paste and the 

electrodes resulting from the electrochemical reaction during hydration. The charge 

transfer in materials can be described by the following equation [60]: 

𝑅𝑐𝑡 =
𝑅𝑇

𝑛2𝐹2𝐴𝐶0𝐾𝑒𝑡

(8) 

where R is gas constant, T is temperature, n is the number of electrons involved in the 

charge transfer process, F is Faraday’s constant, A is the electrode surface area, C0 is the 

concentration of ions at the electrode surface and 𝐾𝑒𝑡 is the electron transfer rate. 

As shown in Fig. 13b, the overall trend of the charge transfer resistance decreasing with 

increasing SMS concentration and increasing with curing age supports the cyclic CV 

results. As previously highlighted, the interaction of the a-SMS sheets with C3S increases 

the concentration of ions which results in higher number of electrons moving between the 

cement paste and the electrodes with a higher electron transfer rate. This reduces the 

charge transfer resistance. However, the charge transfer resistance somewhat increases 

with increasing curing age due to the formation of the hydration phases which reduces 

the diffusion of ions in the cement paste as shown in Fig. 13c.  

Fig. 13c depicts the change in the Warburg impedance (𝑍𝑤) as a function of SMS 

concentration. The Warburg impedance represents the bulk resistance to the ionic mass 
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transfer (i.e., diffusion mechanism of ions) in the cement paste. The Warburg impedance 

is associated with the Warburg coefficient  (see Eq. 4), which represents the diffusion of 

ions in the cement paste. The higher the value of  the less the diffusion of ions in the 

cement paste. The Warburg coefficient is given by the following equation [61]: 

𝜎 =
𝑅𝑇

√2𝑛2𝐹2𝐴𝐶0𝐷1/2
(9) 

Where D is the diffusion coefficient of ions in the cement paste.  

The Warburg coefficient  can be determined from the experimental real 

impedance data. Fig. 13d plots the experimental real impedance against the angular 

frequency (1/2) (known as Warburg plot) for different SMS concentrations. The slope of 

the Warburg plot presents the Warburg coefficient. The effect of SMS concentration on 

the Warburg coefficient  is shown in Fig. 13e. As can be seen from this figure, the 

Warburg coefficient  decreases with increasing SMS concentration. This implies that 

the inclusion of SMS increases the diffusion coefficient of ions (D in Eq. (9)) during 

hydration. The C-S-H nanopores typically form the dominant pathways for ion diffusion 

and water transport in cementitious materials [62,63]. Higher ionic diffusion coefficients 

are typically associated with higher growth of C-S-H phases. Diffusion coefficient D of 

ions is typically larger in cement pastes with higher of C-S-H products than that in cement 

pastes with lower of C-S-H products [64]. Fig. 13e also shows that the Warburg 

coefficient  increases with increasing curing age. As the hydration of the cement pastes 

progresses, water and ions in the pore solution are depleted and the amount of hydration 

phases is increased, resulting in less diffusion of ions. 

Fig. 13f shows the effect of SMS concentration on the double-layer capacitance 

(𝐶𝑑𝑙) of the electrode/cement paste interface at different curing ages. As depicted in Fig. 
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13f, at 7 days of curing, the double-layer capacitance increases with SMS concentration. 

The addition of SMS increases the accumulation of ions at the electrode-cement interface 

due to rapid dissolution of C3S. This increases the double-layer capacitance of the 

cementitious composites. 

The CV and EIS results support the notion that the hydration of cement is 

controlled by the kinetics of a-SMS/C3S interfacial chemical interactions. The f-SMS 

sheets in the pore solution also contribute to the rapid dissolution of C3S. The findings of 

the CV and EIS tests were leveraged to uncover the main hydration kinetics of the 

cementitious composites, taking into consideration the SMS surface functional groups 

that are the driving forces for the dissolution of C3S and the growth of the hydration 

phases. 

3.7. Elucidation of the hydration kinetics of cementitious composites  

The centrifugation, EIS and CV results were used to identify the main chemical 

processes involved in the hydration of the cementitious composites and delineate the role 

of the SMS surface functional groups in the dissolution of C3S. The EIS and CV results 

revealed that the change in the electrochemical properties of the cementitious composites 

during hydration is governed by the ionic strength of the pore solution. This ionic strength 

is highly dependent on the concentration and the electric mobility (i.e., diffusion) of ions 

produced during the dissolution of C3S and increases with SMS content. 

The centrifugation test results revealed that most of SMS sheets tend to deposit 

on the surface of the cement particles (i.e., a-SMS sheets) (Fig. 14a) and a small amount 

of SMS sheets remain in the pore solution (i.e., f-SMS sheets). As such, we hypothesize 

that the dissolution kinetics of the cement particles are driven by both the a-SMS and f-

SMS sheets. Based on this, we believe that the SMS material has unique two hydration 

functions in cementitious materials that had not been seen with other nanomaterials.  
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Fig. 14 describes these two hydration functions. The first function is the rapid 

hydroxylation of C3S and the subsequent formation of the hydration phases as shown in 

Fig. 14b. In this case, the inner a-SMS layers directly in contact with the cement particle 

(Fig. 14b) undergo interfacial chemical reactions with C3S in the presence of water. 

During this chemical process, the highly reactive C3S breaks the inter- and intramolecular 

H-bonds between the hydroxyl/hydroxymethyl (-OH/-CH2-OH) functional groups of SMS 

which leads to deprotonation and the subsequent dissolution of the inner a-SMS layers 

(Fig. 14b). Consequently, a proton-rich environment is produced, and a fast proton 

exchange rate is enabled which results in a fast dissolution rate of C3S (Fig. 14b). This 

process increases the ionic strength of the pore solution due to increased concentration of 

Ca2+ and OH- ions which in return amplifies the formation of the hydration phases. The 

disruption of the inter- and intramolecular H-bonds between the hydroxyl/hydroxymethyl 

functional groups of the SMS layers also produces methanol (CH3OH) and ethanol 

(CH2H5OH) organic chemical compounds (Fig. 14c) in the pore solution which boosts 

the mobility of protons. This further accelerates the hydroxylation of C3S and increases 

the ionic strength of the pore solution, thereby intensifying the formation of the hydration 

phases.  

The second function is channeling water molecules from the pore solution to the 

unhydrated cement core. The outer undissolved a-SMS layers (Fig. 14c-d) remain 

embedded in the hydration phases and facilitate the transport of water from the pore 

solution to the unhydrated C3S. Unlike existing nanomaterials, the large specific surface 

area the number of functional groups allow SMS to diffuse water deep into the unhydrated 

C3S core thereby increasing the hydration depth of the cement particle (Fig. 14d). Similar 

to the inner a-SMS layers, the f-SMS sheets in the pore solution chemically interact with 

Ca2+ and OH- ions and undergo deprotonation due to the breakage of H-bonds between 
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their functional groups (Fig. 14b). This increases the density of protons involved in the 

ion exchange mechanism which accelerates the dissolution of C3S and the subsequent 

release of Ca2+ and OH- ions into the pore solution. This further amplifies the formation 

of the hydration phases. 

3.8. Effect of SMS on the microstructure of the cementitious composites 

3.8.1. Pore structure of SMS-cementitious composites 

The CV and EIS results elucidated the origin of the chemical reactions responsible 

for the enhanced hydration of cement when the SMS sheets are present. The effect of 

SMS on the microstructure of the cementitious composites was examined to confirm the 

CV and EIS experimental results. Fig. 15a shows the BET adsorption isotherms for the 

cementitious composites at 28 days. As shown in this figure, the isotherms are IUPAC 

classification type IV isotherms with H3 hysteresis loop. This indicates that the 

cementitious composites are marked by a very wide pore size distribution and contain 

mesopores [65,66]. Fig. 15a also shows that the hysteresis curves are quite narrow, and 

the adsorption and desorption branches are almost vertical and nearly parallel when the 

relative pressure is above 0.96, indicating the presence of slit-shaped pores in the 

cementitious composites [67]. 

The BET specific surface area (SSA) of the cementitious composites is given in 

Fig. 15b. As depicted, the SSA of the cementitious composites increases with increasing 

SMS concentration, and a maximum increase of 56.38% was obtained at a SMS 

concentration of 0.3 wt%. This demonstrates that the SMS increases the SSA of the 

hydration phases which is in line with previous studies on cementitious composites 

containing carbonaceous 2D nanomaterials such as GO and graphene [17,68,69].  

The cumulative pore volume and its derivative (i.e., pore size distribution) as a 

function of the pore size are plotted in Fig. 15c-d. These figures show that the pore volume 
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increases with increasing SMS concentration. This is attributed to an increased amount 

of the C-S-H hydration products [70]. Fig. 15d indicates that the bulk of the pores is 

centred 5-8 nm. 

3.8.2. Evolution of the microstructure of SMS-cementitious composites 

The XRD patterns of the cementitious composites with SMS at 7 and 28 days are 

depicted in Fig. 16. As shown, all cementitious composites exhibited the same hydration 

products. However, the intensity of the crystal diffraction peaks were influenced by SMS. 

From Fig. 16, we can see that at 7 and 28 days, the intensity of the ettringite, calcium 

hydroxide, and calcium carbonate peaks increased with increasing SMS concentration. 

This is more apparent at 28 days. The increase in the peak intensities is an indication of 

increased amount of the hydration phases resulting from the addition of SMS [71]. This 

is reflected in the increase of the mechanical properties of the cementitious composites 

containing SMS. 

The evolution of the microstructure of the cementitious composites at 14 days is 

shown in Fig. 17. The microstructure of the plain cement matrix (Fig. 17a) is of highly 

heterogenous nature and is marked by a high content of Ca(OH)2 particles with different 

sizes, pores, and unreacted cement particles. The addition of SMS renders the 

microstructure of the cementitious composites denser and somewhat homogenous. The 

microstructure of the cement matrix with 0.1-wt% contains stacked Ca(OH)2 particles 

intermixed with C-S-H gel (Fig. 17b). At higher SMS concentrations, the microstructure 

of the cementitious composites shows a compact microstructure with smaller Ca(OH)2 

particles embedded in C-S-H gels as shown in Fig. 17c-d. 

The effect of SMS on the microstructure of the cementitious composites at 28 

days is shown in Fig. 18. As shown, the plain cementitious composite is mainly composed 

of agglomerated Ca(OH)2 particles. The cementitious composites containing SMS show 
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better packing density due to the increased Ca(OH)2 and C-S-H hydration phases. 

Ettringite needles embedded in C-S-H are observed in the cementitious composite 

containing 0.30 wt%. The observed changes in the microstructure of the cementitious 

composites further confirm the results of CV and EIS characterization, that the addition 

of SMS leads to larger amount of hydration phases and better microstructural packing.  

3.9. Effect of SMS on the compressive and flexural strength of the cementitious composites 

Fig. 19a depicts the effect of SMS on the compressive strength of the cementitious 

composites at 7, 14 and 28 days. As shown, the compressive strength of all cementitious 

composites increases with curing age. It can also be seen that the addition of SMS resulted 

in a slight increase in the compressive strength. For a given curing age, the compressive 

strength somewhat plateaued between 0.1 and 0.3-wt% SMS, leading to an increase of 

4.89%, 3.93%, and 8.33% at 7, 14 and 28 days, respectively. These low compressive 

strength gains are in line with other studies that showed GO is more effective in improving 

the flexural strength of cementitious composites than the compressive strength [72,73]. It 

was found that the crack-bridging mechanism induced by GO increased the flexural 

strength more than the compressive strength [74].  

Fig. 19b depicts the variation of the flexural strength of the cementitious 

composites as a function of SMS concentration at 7, 14, and 28 days. As shown, the 0.20-

wt% concentration produced the highest flexural strength. At this concentration, the 

flexural strength is improved by 13.16%, 34.63% and 31.56 at 7, 14 and 28 days, 

respectively. This enhancement in the flexural strength is attributed to the improved 

hydration kinetics which resulted in more hydration products. The improvement of the 

flexural strength of the cementitious composites is attributed to the higher hydration 

degree and the reinforcing and crack-bridging effect provided by the SMSs. Owing to 

their hydroxyl groups, the SMSs can easily intercalate into the hydration products thus 
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linking them together to form a denser and packed microstructure. The enhanced SMS-

matrix adhesion/interlocking characteristics resulting from the wrinkled SMS sheets also 

improve the flexural strength of the cementitious composites. 

At 0.3-wt% concentration, the effect of SMS on the flexural strength is diminished. 

This is probably due to the formation of weak zones in the cement matrix created by the 

agglomeration of the SMS sheets [34]. In addition, recent studies have shown that when 

microsheets are used in cementitious materials in high concentrations, their high surface 

area and hydroxyl groups facilitate the agglomeration of the cement particles and the 

formation of a flocculation structure within the matrix [35,36]. These effects inhibit the 

efficiency of microsheets in enhancing the performance of cementitious materials. 

4. Conclusion 

This research investigated the influence of new SMS sheets on the hydration 

kinetics of cement using a combination of CV and EIS coupled with analytical 

characterization tools. The low cost and environmentally friendly SMS material was 

derived from beet pulp, a by-product of sugar manufacturing. The results revealed that 

the large specific area and the number of reactive functional groups enable the SMS sheets 

to perform two hydration functions in cementitious materials that had not been observed 

before. The first function is the rapid hydroxylation of C3S resulting from the dissolution 

of the SMS inner layers. The second function is the transport of water molecules from the 

pore solution to the unhydrated cement cores through the SMS layers that remained 

embedded in the hydration phases. These two hydration functions amplified the degree 

of hydration of cement and increased the amount of the hydration phases. Furthermore, 

The CV capacitance and the EIS electrical resistance of the cementitious composites 

correlated well with the change in the Ca(OH)2 content and DOH. As a result, the 

combined CV and EIS can be used to understand complex hydration kinetics of 
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cementitious materials infused with nano additives and monitor the evolution of their 

hydration phases. 

The workability of the cement pastes was not affected by the addition of SMS 

when the dosage is between 0.1 and 0.3-wt%. The workability, however, decreased 

significantly at higher SMS dosages. The maximum percentage decrease was 96.05% at 

a SMS dosage of 0.6-wt%. This can be attributed to the hydrophilic functional groups on 

the surfaces of SMS. This reduces the free water in the cement paste which in return 

reduces its workability. The more SMS is added, the more the free water is reduced.  

The mechanical properties of the cementitious composites were improved by the 

incorporation of SMS. However, this improvement is more pronounced in the flexural 

strength, indicating that SMS is more effective in improving the flexural strength than the 

compressive strength. At 28 days, the three SMS dosages produced somewhat similar 

compressive strength increases, around 8.33%, whereas 0.2-wt% produced the highest 

flexural strength increase of 31.56%. This is attributed to the higher degree of hydration 

and the improved strengthening effect resulting from the good SMS/matrix chemical 

bonding and mechanical interlocking, and crack-bridging mechanisms. The 

characteristics of the SMS-cementitious composites presented in this paper will help 

design concretes with improved engineering properties and lower carbon footprint for 

sustainable construction of infrastructure. 
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Figure Captions 

 

Fig. 1. Manufacturing process of the SMS sheets. 

 

Fig. 2. Cyclic voltammetry and electrochemical impedance spectroscopy characterization. 

(a) experiment setup, (b) schematic view of the setup. 
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Fig. 3. Morphology and thermal properties of the SMS sheets. (a) surface morphology, 

(b) cross-section morphology, (c-d) TEM images, (e) TGA curve and its derivative, (f) 

DSC curve and its derivative. 
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Fig. 4. Pore structure of SMS. (a) nitrogen sorption isotherm curves, (b) cumulative pore 

volume and pore distribution. 

 

Fig. 5. Interaction of SMS with cement particles. (a) Mini-slump workability results, (b) 

per gram mass of a-SMS percentage out of cement, (c) per gram mass of a-SMS 

percentage out of SMS, (d) schematic of a-SMS and f-SMS in cement paste. 
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Fig. 6. Hydration heat of SMS-cementitious composites Ca(OH)2. (a) effect of SMS on 

heat flow rate, (b) effect of curing age and SMS on latent heat of flow. 

 
Fig. 7. Thermal behaviour of SMS-cementitious composites. (a) TGA curves at 7 days, 

(b) TGA curves at 14 days, (c) TGA curves at 28 days, (d) DTG curves at 7 days, (e) DTG 

curves at 14 days, (f) DTG curves at 28 days, (g) DOH content, (h) Ca(OH)2 content. 
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Fig. 8. CV-based electrochemical properties of SMS-cementitious composites. (a) CV 

curves at 7 days, (b) CV curves at 14 days, (c) CV curves at 28 days, (d) Peak current 

against SMS concentration. 

 

Fig. 9. Capacitance of the electrochemical SMS-cementitious composites. (a) capacitance 

against SMS concentration, (b) capacitance against DOH, (c) capacitance against 

Ca(OH)2 content. 
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Fig. 10. Nyquist plots for the SMS-cementation composites at different curing ages. (a) 

paste with 0 wt%, (b) paste with 0.1wt%, (c) paste with 0.2wt%, (d) 0.3 wt%. 

 
Fig. 11. EIS-based electrical properties of SMS-cementitious composites. (a) typical bode 

plot of impedance and phase for 0.1 wt% at 7 days, (b) bulk electrical resistance against 

curing age, (c) bulk electrical resistance against DOH at 7, 14 and 28 days, (d) dielectric 

constant against SMS concentration at 28 days. 
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Fig. 12. Measured and fitted impedances of the cementitious composites at 28 days. (a) 

EC model, (b) 0% SMS, (c) 0.1-wt% SMS, (d) 0.2-wt% SMS, (e) 0.3-wt% SMS. 
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Fig. 13. EC parameter of the SMS-cementitious composites. (a) effect of SMS on Rs, (b) 

effect of SMS on Rct, (c) effect of SMS on Zw, (d) Warburg plots at 7 days, (e) Warburg 

coefficient against SMS concentration, (f) effect of SMS on Cdl.  
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Fig. 14. Hydration kinetics of SMS-cementitious composites. (a) cement particle with a-

SMS and f-SMS sheets in the pore solution, (b) breakage of H-bonds between (-OH/-

CH2-OH) functional groups of SMS, and deprotonation and dissolution of the inner a-

SMS layers, (c) formation of CH3OH and CH2H5OH, fast proton exchange and 

dissolution of C3S, (d) mechanism of water diffusion into the unhydrated C3S core and 

hydration growth.  
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Fig. 15. Effect SMS on the porosity of the SMS-cementitious composites at 28 days. (a) 

BET isotherms, (b) specific surface area against SMS concentration, (c) cumulative pore 

volume against pore diameter, (d) pore size distribution. 

 

Fig. 16. XRD analysis (2θ=5-65°) of cementitious composites with 0%, 0.1, 0.2 and 0.3-

wt% amount of SMS at (a) 7 days, (b) 28 days. 
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Fig. 17. SEM images of the SMS-cementitious composites at of 14 days (a) plain, (b) 

with 0.1wt%, (c) with 0.2 wt%, (d) with 0.3 wt%. 

 

Fig. 18. SEM images of the SMS-cementitious composites at 28 days. (a) plain, (b) with 

0.1 wt%, (c) with 0.2 wt%, (d) with 0.3 wt%. 
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Fig. 19. SMS-cementitious composites at 7, 14 and 28 days. (a) Compressive strength, 

(b) flexural strength.  
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Tables 

Table 1: Fitting results for different SMS concentrations and curing ages 

Day SMS 

(wt%) 

𝑅𝑠 

(Ω) 

𝐶𝑑𝑙 

(𝜇𝐹) 

𝑅𝑐𝑡 

(Ω) 

𝑍𝑤 

(Ω/cm2) 

𝐶𝑒 

(𝜇𝐹) 

𝑅𝑒 

(Ω) 

 

7 

0 928.9 4.84E-01 156.5 2.02E-04 1.28E-03 231.6 

0.1 1004 5.92E-01 141.2 2.91E-04 1.58E-03 234.8 

0.2 1074 1.58 87.65 9.55E-04 4.70E-4 298.3 

0.3 1163 8.68 148.6 7.71E-04 7.53E-4 258.7 

 

14 

0 1041 1.30E-03 295.7 1.34E-04 7.42 337.4 

0.1 1113 5.39E-02 113.3 3.81E-04 3.22E-4 436.6 

0.2 1239 2.54E-01 84.95 5.21E-04 3.66E-4 439.1 

0.3 1313 1.67 140.5 6.04E-04 7.73E-4 306.9 

 

28 

0 1142 7.895E-04 421.7 1.148E-04 7.512 337.3 

0.1 1222 1.40E-03 320.2 2.800E-04 2.30 353.7 

0.2 1335 1.53E-03 279 3.320E-04 5.04 367.8 

 0.3 1348 6.68E-01 166.9 3.920E-04 5.58E-4 421.6 
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