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ABSTRACT 

 

 

FACILE SYNTHESIS OF GRAPHITE- AND GRAPHENE-BASED HYBRID 

ADDITIVES BY SILANIZATION AND EFFECTS OF THESE ADDITIVES ON 

THE THERMAL CONDUCTIVITY OF CEMENTITIOUS GROUTS USED  

IN SHALLOW GEOTHERMAL SYSTEMS 

 

İlayda BERKTAŞ 

 

Materials Science and Nanoengineering, MSc. Thesis, 2020 

Thesis Supervisor: Assoc. Prof. Dr. Burcu Saner Okan 

 

Keywords: Graphene nanoplatelet, expanded graphite, recycled materials, silanization, 

thermal conductivity, cement-based composites; ground source heat exchangers 

 

The thermal conductivity of grout backfilling boreholes and pipes has been considered as 

an important issue for the improvement of the efficiency of shallow geothermal systems. 

Especially preserving the heat through the boreholes in the ground without temperature 

difference is achieved by formulating grout composition having high thermal 

conductivity. In this thesis, the main objective is to develop hybrid silica-carbon additives 

to enhance the thermal conductivity of the grout and thus increase the effectiveness of the 

heat transmission and prevent the aggregation of treated hybrid additives in grout mixture. 

Three main materials, graphene from waste tire, expanded graphite and rice husk ash, 

were hybridized by using silane coupling agents and building chemical bridges with silica 

particles in grout composites. This functionalization provided to enhance the dispersion 

and solubility of carbon materials and adjust their water uptake during grout mixing since 

there is a close relation between water demand and thermal conductivity. According to 

optimization study on the formulation development of grout mixtures, as the amount of 

graphene-based hybrid additive increased from 3 to 5 wt%, water uptake increased from 

660 to 725 g resulting in the reduction of thermal conductivity by 20.6%. Furthermore, 

the highest thermal conductivity of 2.656 W/mK was achieved by adding 5 wt% expanded 

graphite-based hybrid additive compared to reference grout having thermal conductivity 

of 2.373 W/mK. Consequently, this study shows noticeable potential of hybrid additives 

produced from virgin and recycled sources to be used in the grouts of geothermal heat-

exchange boreholes. This research will be more discernible since renewable energy 

sources come into prominence by ever-increasing energy-demand and global pollution. 
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ÖZET 

 

 

GRAFİT VE GRAFEN ESASLI HİBRİT KATKI MADDELERİNİN 

SİLANİZASYON YOLUYLA SENTEZİ VE BU KATKI MADDELERİNİN SIĞ 

JEOTERMAL SİSTEMLERDE KULLANILAN ÇİMENTOLU HARÇLARIN 

ISIL İLETKENLİĞİ ÜZERİNDEKİ ETKİLERİ. 

 

İlayda BERKTAŞ 

 

Malzeme Bilimi ve Nanomühendisliği, Master Tezi, 2020 

Tez Danışmanı: Assoc. Prof. Dr. Burcu Saner Okan  

 

Anahtar kelimeler: Grafen nanoplakalar, genişletilmiş grafit, geri dönüştürülmüş 

malzemeler, silanizasyon, termal iletkenlik, çimento bazlı kompozitler, toprak kaynaklı 

ısı eşanjörleri 

 

Sondaj deliklerinin ve boruların etrafında saran dolgu malzemesini, sığ jeotermal 

sistemlerin verimliliğinin artırılması için önemli bir olgu olarak kabul edilmiştir. 

Özellikle, sondaj deliği ve yer arasında ki geçişte ısının sıcaklık farkı olmaksızın 

korunması, yüksek ısı iletkenliğine sahip harç bileşiminin formüle edilmesi ile 

sağlanmaktadır. Bu tezin asıl amacı, hibrit silika-karbon katkı maddeleri geliştirerek 

harcın ısıl iletkenliğini artırmak ve böylece ısı iletiminin etkinliğini artırmak ve işlem 

görmüş hibrit katkı maddelerinin harç karışımında birikmesini/ çökmesini önlemektir. 

Atık lastikten üretilmiş grafen, genişletilmiş grafit ve pirinç kabuğu külü olmak üzere üç 

ana malzeme, silan bağlama maddeleri kullanılarak ve harç kompozitlerinde silika 

parçacıklarıyla kimyasal köprüler inşa edilerek hibritlendi. Bu işlevselleştirme, karbon 

malzemelerin dağılımını ve çözünürlüğünü arttırmak ve su talebi ile ısıl iletkenlik 

arasında yakın bir ilişki olduğundan, harç karıştırma sırasında su alımını ayarlamak için 

sağlanmıştır. Harç karışımlarının formülasyon geliştirme ile ilgili optimizasyon 

çalışmasına göre, grafen bazlı hibrit katkı maddesi miktarı ağırlıkça% 3'ten% 5'e 

yükseldikçe, su alımı 660'dan 725 g'a çıkarak ısıl iletkenliğin% 20.6 oranında azalmasına 

neden oldu. Ayrıca, 2,373 W/mK termal iletkenliğe sahip referans harca kıyasla 2,656 

W/mK ile en yüksek ısıl iletkenlik, ağırlıkça % 5 genişletilmiş grafit bazlı hibrit katkı 

maddesi eklenerek elde edilmiştir. Sonuç olarak, bu çalışma, jeotermal ısı değişim 

kuyularının derzlerinde kullanılmak üzere saf ve geri dönüştürülmüş kaynaklardan 

üretilen hibrit katkı maddelerinin dikkat çekici potansiyelini göstermektedir. Sürekli artan 

enerji talebi ve küresel kirlilik ile yenilenebilir enerji kaynakları ön plana çıktığı için bu 

araştırma daha fark edilebilir olacaktır.
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CHAPTER 1: STATE-OF-THE-ART 

 

Economic growth and rise in the population emerged more energy demand all around the 

world. Nonrenewable energy sources such as coal, crude oil, natural gas become 

insufficient and are available in limited supplies. Besides, they are environmentally 

harmful since sources like fossil fuel emit large amount of carbon monoxide gas through 

the environment for the production of electric power [1]. Because of the environmental 

threats, the importance of energy produced from renewable energy sources which are 

solar, wind, hydro, biomass, and geothermal has been taken great attention. Also, these 

sources are much more accessible and environmentally friendly. However, they are 

dependent on the outer sources such that, wind power is intermittent with regard of the 

weather condition. Similarly, solar irradiance and hydro sources are periodically variable. 

Geothermal energy, which uses the heat energy reserved at the shallow of Earth’s surface 

to provide heating or cooling to the buildings, provides green, low‐combustion energy, 

with abundant reserves, economically viable and massive potential for application [2]. In 

addition, the heat of Earth is not weather dependent like solar or wind power, they use of 

the earth as a source rather than the ambient air [3].  

 

Among them, Shallow Geothermal Energy System (SGES), which is one of the main 

types of Renewable Energy Systems, can be utilized as a substitute for the energy 

obtained from traditional fossil-fuel [4]. They can be built up even in the smallest lands 

since loop system can be settled both horizontal and vertical depending on the size of the 

field. In general, as shown in Figure 1, the boreholes are dipped into a certain depth of 

ground. Inside the borehole, U shaped pipes, two outcoming and incoming pipes, carry 

the fluid which circulates inside the pipes. The space between the borehole and the pipes 

is surrounded with the grout composition which is responsible for the heat transfer. 

Therefore, the efficiency of SGES highly depends on the thermal properties of the grout 

composition. High thermal conductivity is needed to successfully transfer the heat of the 

ground through the boreholes to the fluid circulating inside the pipes without heat loss 

[5]. If the heat during injection or extraction is lost, the performance/efficiency of the 

system can be reduced, thus the thermal conductivity of the grout is highly important in 

SGES. 
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Figure 1. Cross sectional image of the mechanism of SGES. 

To sum up, the performance of geothermal energy system is highly sensitive and 

correlated the thermal properties which are thermal conductivity, thermal diffusivity, 

specific heat capacity as well as other factors like number and configuration of energy 

loops, pile length and diameter which can also be regulated since grout with higher 

thermal conductivity decreases the required length of the boreholes and the cost of the 

construction eventually [6]. In other words, improving the thermal conductivity of the 

grout backfilling the boreholes as heat exchangers of the pumps, which enables heat 

transfer between ground and the pipes located in borehole, can enhance the efficiency of 

the SGES.  

 

Although SGES has a lot of advantages as aforementioned, there are still some obstacles 

which can be overcome by reducing  the installation costs and increasing system 

efficiency [7]. Accordingly, in this study, we found an efficient approach to improve the 

properties of grout compositions by synthesizing three different carbon-based hybrid 

additives by using virgin and recycled sources. Carbon-based materials (CBMs) were 

selected to be used in hybridization with silica and silane coupling agent to enhance 

thermal conductivity of grout. Each carbon materials were selected from different 

properties such as particle size, cost, the production source different budget value ranges 

in order to monitor the differences in thermal conductivity in grout mixture. The presence 

of silica in hybrid structure carries a high significance since it is compatible with the 

structure of cement, thus improves the dispersion and prevents the agglomeration of 

carbon based hybrid additives in cementitious grout composite. In order to gather silica 

and CBMs in one material, (3-Aminopropyl)triethoxysilane (APTES) as silane coupling 
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agent was selected. Figure 2 represents the reaction mechanism of APTES functionalized 

silica grafted CBMs schematically. Three hydrolyzed OH groups of APTES condensed 

to the surface of silica. In further step, amine functional groups of the silane on the surface 

of silica linked to the functional groups on carbon surface. With these developed hybrid 

structures, it is aimed to prevent the aggregation problems of CBMs used in grouts and 

control water demand. 

 

Figure 2. Schematic representation of step-wise production for functionalized silica-

carbon hybrid additive. 

In the current thesis, hybrid additives by using carbon-by-products were developed in 

order to reduce the installation costs in geothermal applications. In the first part of study, 

near prime graphene nanoplatelets (GNP), which is produced from recycled carbon 

obtained by pyrolysis of waste tire, was selected for the development of hybrid structure 

from recycled sources. In the second part, expanded graphite (EG) was selected due to 

the high capability of increasing the thermal conductivity with high carbon content and 

also compared to the thermal conductivity of GNP based grouts. In the last part, besides 

GNP based hybrid additive, rice husk ash (RHA), which is also a recycled source, was 

functionalized with APTES (silica was not grafted on the surface of RHA since it consists 

mostly of amorphous silica in the structure) used in grout formulations to monitor the 

effect of cement hydration. The effect of aforementioned hybrid additives in the 

cementitious grout were investigated from material selection to processing optimization. 

 

Material from this dissertation has been published in the two following forms and the 

third paper is under review process: 

 

Berktas I, Ghafar AN, Fontana P, et al (2020) Facile synthesis of graphene from waste 

tire/silica hybrid additives and optimization study for the fabrication of thermally 

enhanced cement grouts. Molecules 25:. https://doi.org/10.3390/molecules25040886 [8] 

https://doi.org/10.3390/molecules25040886
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Berktas I, Ghafar AN, Fontana P, et al (2020) Synergistic effect of expanded graphite-

silane functionalized silica as a hybrid additive in improving the thermal conductivity of 

cementitious grouts with controllable water uptake. Energies 13: 

https://doi.org/10.3390/en13143561 [9] 

 

Berktas I, Chaudhari O, Ghafar AN, Menceloglu Y, Saner Okan B, Controlling the 

surface chemistry of SiO2 decorated carbon nanosheets from waste rice husk ash by 

silanization and its effect on heat flow and hydration of cement-bentonite based grouts 

(Submitted) 

https://doi.org/10.3390/en13143561
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CHAPTER 2. Facile synthesis of graphene from waste tire/silica hybrid additives 

and optimization study for the fabrication of thermally enhanced cement grouts 

 

This work evaluates the effects of newly designed graphene/silica hybrid additives on the 

properties of cementitious grout. In the hybrid structure, graphene nanoplatelet (GNP) 

obtained from waste tire was used to improve the thermal conductivity and reduce the 

cost and environmental impacts by using recyclable sources. Additionally, functionalized 

silica nanoparticles were utilized to enhance the dispersion and solubility of carbon 

material and thus the hydrolyzable groups of silane coupling agent were attached to silica 

surface. Then, hybridization of GNP and functionalized silica was conducted to make 

proper bridges and develop hybrid structures by tailoring carbon/silica ratios. Afterwards, 

special grout formulations were studied by incorporating these hybrid additives at 

different loadings. As the amount of hybrid additive incorporated into grout suspension 

increased from 3 to 5 wt%, water uptake increased from 660 g to 725 g resulting in the 

reduction of thermal conductivity by 20.6%. On the other hand, as the concentration of 

GNP in hybrid structure increased, water demand was reduced and thus the enhancement 

in thermal conductivity was improved by approximately 29% at the same loading ratios 

of hybrids in the prepared grout mixes. Therefore, these developed hybrid additives 

showed noticeable potential as a thermal enhancement material in cement-based grouts. 

 

2.1. Introduction 

In geothermal energy systems, the thermal conductivity of the grout used for backfilling 

the heat exchange boreholes and the pipes used in the loops for circulating the heat carrier 

fluid has been considered as an important issue for the improvement of the efficiency of 

the system. That is because the media influencing the heat exchange between the heat 

carrier fluid (in the loops) and the surrounding formations (i.e. soil or rock) include the 

pipe’s wall and the backfill materials in the borehole [10, 11]. The poor thermal 

conductivity of neat cementitious grout not only decreases the efficiency of the system 

performance but also influences on thermal cracking of the used backfill grout due to the 

high temperature gradient between the pipe and the surrounding ground  during the heat 

injection or extraction process [12]. Therefore, it is crucial to provide grouting materials 

with sufficiently improved thermal conductivity, while ensuring the other important 

properties such as the rheological properties, permeability, bleeding and workability are 



6 

 

in the accepted ranges. Accordingly, graphene is a promising candidate to incorporate 

into the grouting materials due to its high thermal conductivity property. 

The porosity and the rate of hydration can be reduced with the integration of graphene 

based materials in cement paste resulting in the development of stronger and more durable 

products [13]. In one of the recent studies, 0.01 wt% of graphene oxide (GO) nanosheets 

was mixed with cementitious materials consisting of  ordinary Portland cement, silica 

fume, and ground granulated blast-furnace slag and increased the compressive strength 

of cement as about 7.82% after 28 days of curing [14]. Furthermore, Shang et al. 

demonstrated that using GO encapsulated silica fume, one can provide better rheological 

properties and increase the compressive strength of cement paste by 15.1% only by 

addition of 0.04 wt% of GO [15]. Accordingly, previous studies are mostly focused on 

enhancement of mechanical and rheological properties of cement by low loading 

graphene. However, there is limited work done on introduction of graphene in cement-

based materials to improve the thermal conductivity. For instance, Sedaghat et al. 

demonstrated that addition of 1% graphene did not have any significant effect on thermal 

diffusivity of the mixture but incorporation of 5% graphene enhanced the thermal 

diffusivity by 25% at 25°C and about 30% at 400°C  compared to that using the neat 

cement paste [13]. In another work, Ramakrishnan et al. incorporated 0.5 wt% of 

graphite, carbon nanotubes and GNP into form-stable Phase Change Material based 

composites and observed that using those additives led to the enhancement of thermal 

conductivity by 45%, 30% and 49%, respectively [16].  

One of the main factors that affects the thermal conductivity in cement paste/mortar is 

water/cement ratio, since increasing the water content reduces the density, increases the 

porosity that finally decreases the thermal conductivity [17, 18]. Jobmann and Buntebarth 

showed that the water uptake decreased from 8.4 to 0.1% between 5 and 95% graphite 

and increased the thermal conductivity up to 3.67 W/mK with the composition of 10% 

graphite and 90% bentonite at 20°C  [19]. Herein, it is significant to adjust the water 

content between water-bearing bentonite and water-free graphite to attain high thermal 

conductivity and thus surface chemistry of selected additives becomes a crucial factor in 

mixing of cementitious materials.  

Silanization has taken on special attention in the surface functionalization and the 

adjustment of hydrophilicity to control the penetration of water in cement structure 

[11,12]. Silane coupling agents have a significant influence on the dispersion of matrix 

and also affect the thermal, mechanical and physical properties of nanocomposites. There 
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are numerous attempts for the modification of silica by organosilanes to connect to 

organic groups and act as bridging component [21]. Especially silanol groups in silica 

have the ability to react with silane coupling agents and make the silica much more 

suitable for coupling reactions [22]. Among silane coupling agents, 3-aminopropyl 

triethoxysilane (APTES) was widely preferred as a binding agent in several applications 

such as composites, coatings and adhesives [23]. Wang et al. reported that silane modified 

GO polymerized with acrylic acid showed better distribution in saturated lime water than 

neat GO [24]. Zhao et al. stated that hybrid additive, which was produced by the 

impregnation of silica nanoparticles on GO modified by polycarboxylate superplasticizer, 

was added into cement matrix (1.5% SiO2 and 0.02% GO by weight of cement) and 

increased the compressive strength as about 38.31%, 44.47% and 38.89% at 3th, 7th and 

28th days, respectively [25].  

Although several studies have been performed to improve the different properties of 

cement pastes by using GO and modified GO sheets, there is still growing interest in the 

subject with the aim to reduce carbon footprint and develop sustainable and durable 

cement paste/ grout. Herein, carbon based materials obtained from waste sources such as 

gamma irradiated recycled plastic [26], carbon powder waste obtained from the cutting 

process of laminate carbon composite [27] and rice husk ash [28] can be good alternatives 

to GO produced by harsh acidic and toxic conditions [21,22,23] to be used as an additive 

in grout mixtures. Another important issue is to reduce the manufacturing costs by using 

carbon-by products or waste carbon materials. Therefore, a new methodology should be 

developed to address the issue related in thermal conductivity, aggregation, cost and 

environmental impact in grouting. 

In the present study, the main objective is to develop hybrid silica-GNP additives to 

enhance the thermal conductivity of the grout and thus increase the efficiency of the heat 

transmission and prevent the aggregation of treated hybrid additives in grout mixture and 

also decrease the manufacturing costs by using waste sources. To the best of our 

knowledge, there is no work about the utilization of graphene nanoplatelets produced 

from recycled carbon black obtained from the pyrolysis of waste tire as an additive in the 

preparation of grout. In order to prevent agglomeration and reduce the water absorption, 

silica particles were functionalized by APTES to make a suitable bridge with the surface 

of GNP. Then, the developed hybrid additives were added into the grout mixture by 

changing additive and water ratios, and the flow behaviors and the thermal conductivity 
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property of the prepared grout mixtures were investigated in detail to monitor the effects 

of carbon addition on the performance of the grouts.  

 

2.2. Materials and Methods  

2.2.1. Materials 

In this investigation, 3-Aminopropyl triethoxysilane (APTES, >98%, 0.946 g/ml) and 

acetic acid were purchased from Sigma- Aldrich, USA. Amorphous silica (SiO2) was 

purchased from Merck, Germany. Graphene nanoplatelet (GNP) was obtained from 

pyrolyzed waste tire provided by NANOGRAFEN Co., Turkey. Two types of silica sands 

from Kumsan (30-35 AFS and 60-70 AFS), superplasticizer from Sika (SRMC-310S) and 

bentonite from Canbensan were used in the preparation of grout mixtures. 

2.2.2. Method of Surface functionalization of silica 

In silica functionalization, 1 g of silica was dispersed in 50 mL distilled water via 

Ultrasonic Homogenizer from Hielscher Ultrasonics at room temperature to provide 

homogeneous dispersion. Then, 1 mL APTES was added into the mixture by adjusting 

weight to weight ratio of silica and silane amounts and pH level of solution was adjusted 

to 5.5 by dropping acetic acid. In this process, APTES amount was approximately equal 

to silica amount. The as-prepared mixture was refluxed at 80°C for 24 h. At the end of 

reaction, filtration was performed by washing with water and ethanol twice. The filtrate 

was dried in oven at 70°C for 24 h. In order to get optimum functionalization degree, 

silica and APTES ratios were adjusted. Table 1 summarizes silica functionalization 

conditions with three different APTES ratios. 

Table 1. The reaction conditions of silica functionalization with three different APTES 

ratios. 

Sample Silica 

amount 

(g) 

APTES 

amount 

(ml) 

Reaction 

Time  

(h) 

Reaction  

Medium 

Reaction 

Temperature 

(°C ) 

Si:APTES=1:1 1 1 24  Water 80 

Si:APTES=1:2 1  2 24  Water 80 

Si:APTES=1:3 1 3 24  Water 80 
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2.2.3. Hybridization of functionalized silica with GNP  

Surface functionalized silica was used for the modification of the surface of GNP to attain 

better dispersion in grout mixture. In the hybridization step, 740 g GNP was dispersed in 

7400 ml distilled water to prepare colloidal suspension under sonication process. Then, 

aqueous solution having Silica: APTES in the amount of 74:148 weight % was added 

slowly into the GNP suspension. The reaction was performed through refluxing at 80°C 

for 24 h. The resultant material was directly applied to filtration process and the material 

was easily separated from water. Then, the material was kept in vacuum oven at 70°C for 

24 h. For grouting formulations, two different GNP based hybrid additives encoded as H-

GNP-1 and H-GNP-2 were developed by changing silica and GNP ratios of 1:5 and 1:10, 

respectively. 

2.2.4. Preparation of grouts by the addition of Si-GNP hybrid additives  

In the preparation of grouts, water, superplasticizer (SP) and Si-GNP hybrid additives 

were mixed for 2 min at 2000 rpm using high share mixer (VMA- Getzmann). Then, 

bentonite, cement and two types of silica sands were added orderly into the mixture and 

mixed at 6000 rpm for 4 min. Several experiments including Marshcone test and Flow- 

table test were carried out to evaluate the developed grout flow properties. The developed 

grout was then molded in cylindrical molds (20 mm height and 60 mm diameter) and 

cured at 100% relative humidity and 20°C for evaluation or their thermal conductivity. 

2.2.5. Characterization 

The morphological studies of GNP and its hybrid additives were analyzed using a Leo 

Supra 35VP Field Emission Scanning Electron Microscope (SEM) and a JEOL JEM-

ARM200CFEG UHR- Transmission electron microscopy (TEM). X-ray diffraction 

(XRD) measurements were carried out by using a Bruker D2 PHASER Desktop with a 

CuKα radiation source. Raman spectroscopy was employed to characterize the structural 

changes in GNP samples using a Renishaw inVia Reflex Raman Microscopy System with 

a laser wavelength of 532 nm in the range of 100-3500 cm-1. Functional groups of 

functionalized silica samples were analyzed using a Thermo Scientific Fourier Transform 

Infrared Spectroscopy (FTIR). Surface composition of GNP and its hybrid additives were 

examined quantitively by Thermo Scientific K-Alpha X-ray Photoelectron Spectrometer 

System (XPS). Zetasizer Nano ZS, Malvern Dynamic Light Scattering (DLS) was used 

to measure the particle size of carbon and silica samples. Surface areas of the prepared 
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samples were measured by BET method by using Micromeritics 3Flex equipment. 

Thermogravimetric Analysis (TGA) was carried out using a Mettler Toledo thermal 

analyzer (TGA/DSC 3+) over the temperature range of 25 °C to 1000 °C at a heating rate 

of 10°C/min under nitrogen. Thermal conductivity analysis of GNP based grouts was 

conducted by Hot Disk Thermal Constants Analyser, TPS 2500 S. For the cementitious 

grouts casted as 60 mm x 20 mm, sensor with 6.394 radius was selected for thermal 

conductivity of the cementitious grout samples since in case of isotropic sample, the 

thickness should be at least equal to the radius of sensor and the diameter must be at least 

equal to two times the diameter of sensor. The main working principle of this instrument 

is to provide an electrical current by sensor through an isothermal sample which results 

in temperature increasement and to record the temperature increase that was reflected in 

resistance increases of the sensor. As shown in Figure 3a, the selected  sensor was placed 

in a position which localizes to the center of the sample and fasten via clamp and screws. 

Figure 3b shows the position of the second identical sample placed on top of the sensor. 

After arranging the position of samples and the sensor, a square tablet of metal should be 

placed on the sample above with the help of a screw and the samples were clamped by 

screw for providing sufficient contact and prevent any possible air gap between samples 

and sensor. 

  

(a) (b) 

Figure 3. (a) and (b) Sensor position between grout samples. 

 

2.3. Results and Discussion 

2.3.1. Optimization study for surface functionalization of silica 
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Among silane coupling agents, 3-Aminopropyl triethoxysilane (APTES) is a widely used 

coupling agent. The chemical structure of APTES includes an amine functional group (-

NH2) and three hydrolyzable groups which can be attached to the surface of silica. Figure 

4 represents the reaction mechanism of silica functionalization by APTES schematically. 

Hydrolyzable groups of (-OCH2CH)3 in the structure of APTES was converted into -OH 

groups during hydrolysis as shown in Figure 4a. After the condensation reaction occurred, 

pH was adjusted as 5.5 and then APTES was attached to the silica surface with different 

bridging modes as seen in Figure 4b. In this step, NH2 groups of APTES remained 

available in the tails for the hybridization with GNP whereas hydrolyzable groups were 

linked to the -OH groups on the surface of silica particles. In other words, APTES acts as 

a bridge between silica surface and carbon. Optimization study was conducted using three 

different APTES ratios to get an ideal surface composition.  

 

  

(a) 

 

 

(b) 



12 

 

Figure 4. Schematic representation of the reaction of APTES functionalized silica 

particles in water: (a) hydrolysis and (b) condensation reactions. 

First, amorphous silica having the surface area of 473.8 m2/g with the particle size of 258 

nm was selected and three different Si:APTES ratios were studied for APTES 

functionalization. FTIR characterization was then carried out to identify the functional 

groups and observe the effect of APTES amount on the surface of silica. Figure 5 shows 

the FTIR spectra of APTES, neat silica and APTES functionalized silica particles. Herein, 

the most prominent peaks for all spectra are located between 950 cm-1 and 1250 cm-1 

attributed to Si-O-Si and Si-O-C modes [31] and -OH bending vibration appeared at 800 

cm−1 [32]. Furthermore, CH2 asymmetric and symmetric stretching modes that can be 

seen at around 2932 cm-1 and 2864 cm-1, respectively, indicate the presence of the propyl 

chains of APTES [33]. The two labelled peaks appeared at around 1500 cm-1 and 1600 

cm-1 belonging to the NH2 scissor vibrations indicating the presence of the NH2 terminal 

group of APTES [34]. These peaks become more prominent as APTES concentration 

increases. In addition, in the FTIR spectrum of APTES, the double peaks at 2803 cm-1 

and 2970 cm-1 are attributed to stretching modes of CH2 [35]. However, -NH peak was 

not appeared in the spectra of APTES functionalized silica particles since the peak 

belonging to Si is dominant and the intensity of amine groups coming from APTES 

functionalization is significantly low. On the other hand, the attachment of NH3 on the 

surface of silica surface was confirmed by XPS characterization. Table 2 presents the 

XPS results of silica functionalized with APTES at different ratios. The results indicated 

that nitrogen content is comparably lower than the other elements of carbon, oxygen and 

silicon on silica surface and the highest nitrogen amount is attained by the ratio of 

Silica:APTES=1:2.  
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Figure 5. FTIR spectra of APTES, neat silica and APTES functionalized silica with three 

different ratios. 

Table 2. XPS results of neat silica and silica functionalized with APTES at different 

ratios. 

Sample name Carbon  

(at%) 

Oxygen 

(at%) 

Silicon 

(at%) 

Nitrogen 

(at%) 

Silica 3.3 60 36.7 - 

Silica:APTES=1:1 18 49 31 2 

Silica:APTES=1:2 26 43 27 3.1 

Silica:APTES=1:3 15 50 32 3 

 

In order to monitor the degradation behavior of functionalized silica samples, TGA 

analysis was conducted under nitrogen atmosphere. Figure 6 represents TGA curves of 

three different APTES functionalized silica samples. Neat silica showed the most stable 

behavior with the weight loss of 1.73%. In functionalized silica samples, the first weight 

loss between 50-120°C comes from physically absorbed water molecules and the second 

weight loss is attributed to the removal of chemically absorbed water between 120-200°C 

[36]. Then, there is a significant weight loss between 200 and 600°C due to the removal 
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of organo-functional groups [37]. In addition, there are variations in the weight loss values 

of functionalized silica particles owing to the differences in functionalization degree. The 

characterization results confirmed the binding of silane groups on the silica surface. 

 

Figure 6. TGA curves of APTES functionalized silica particles with different Si:APTES 

ratios. 

 

2.3.2. Morphological and structural properties of silica-GNP hybrid additive 

The morphological properties of the produced GNP based hybrid additives were 

examined by using macroscopic techniques. Figure 7 represents SEM images of GNP, 

neat silica and Si:GNP=1:5 and Si:GNP=1:10 hybrid materials. As shown in Figure 7a, 

GNP has a layered structure. Figure 7c indicates that, after the introduction of silica 

nanoparticles on the surface of GNP, particles were distributed randomly and coated on 

the graphene plates. As Si ratio decreased, aggregation was diminished and more 

homogenous structure was observed as seen in Figure 7d. TEM image also supports the 

platelet structure with the average size of 50 nm observed in Figure 7a. Silica particles 

with the average size of 3 nm was observed in Figure 8b and 8c showing the 

homogenously distributed APTES functionalized silica particles on GNP.  
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(a) (b) 

  

(c) (d) 

Figure 7. SEM images of (a) GNP, (b) neat silica, (c) Si:GNP=1:5 and (d) Si:GNP=1:10 

hybrid additives. 

  

(a) (b) 
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(c) 

Figure 8. TEM images of (a) neat GNP, (b) and (c) its hybrid of Si:GNP=1:10. 

 

XPS analysis was performed to investigate the surface chemical composition of the 

produced samples. Table 3 represents XPS characterization results of silica, Si: 

APTES=1:2, GNP, and hybrid additives of Si:GNP=1:5 and Si:GNP=1:10. GNP has a 

specific surface area of 131 m2/g with a chemical composition of 87 at% carbon, 9.1 at% 

oxygen, 2 at% silicon, 0.5 at% iron and others (S and Zn). With the incorporation of 

APTES functionalized silica on GNP, carbon content increased and thus the 

concentrations of oxygen and nitrogen decreased in hybrid materials when compared to 

that in the Si:APTES=1:2 sample. In comparison of neat GNP, nitrogen based groups 

were appeared in the developed additives after the hybridization with functionalized silica 

and silica amounts were also increased. The XPS peaks of C1s, O1s, Si2p, and N1s for 

neat and hybrid samples are shown in the XPS survey scan spectra as seen in Figure 9a. 

After the functionalization of silica particles by APTES, N1s peak was appeared in the 

spectrum of Si:APTES=1:2 depicting the successful functionalization. After the 

hybridization of Si:APTES=1:2 with GNP, N1s peak was  disappeared indicating the 

linkage of amino group with graphene during the reaction. Figure 9b indicates the changes 

in C1s peak intensities of neat and hybrid samples. The existence of C1s binding energy 

values of 284.28, 284.08 and 284.38 eV for GNP, Si:GNP=1:5, Si:GNP=1:10 denotes the 

presence of sp2 hybridized C=C/C–C bonds [38]. Figure 9c indicates the changes in O1s 

peak intensities by showing the formation of the Si–O and C=O bond for the case of 

Si:GNP=1:5 and Si:GNP=1:10 is observed at the binding energy of 532 eV [30,31]. N1s 

spectra of Silica:APTES=1:2, Si:GNP=1:5 and Si:GNP=1:10 was shown in Figure 9d. 

The broad N1s peak of Silica:APTES=1:2 sample at 399 eV in belongs to NH3 group 
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whereas the N1s binding energy of Si:GNP=1:5 and Si:GNP=1:10 shows a hydrogen 

bonded NH2 group at 401.2 eV [40]. Furthermore, the C/O ratios of GNP and its hybrids 

of Si:GNP=1:5 and Si:GNP=1:10 were calculated as 2.5, 0.6, and 0.8, respectively, as 

shown in Table 4. These results demonstrated the adjustment of hybrid additive 

composition by systematic optimization of silica and graphene contents.    

 

 

(a) 

 

 

 

 

 (b)  (c) 
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(d) 

Figure 9. (a) XPS survey scan spectra, (b) C1s spectra, (c) O1s spectra and (d) N1s spectra 

of Silica, GNP, Si:GNP=1:5, Si:GNP=1:10 and Silica:APTES=1:2 

   

Table 3. XPS results of GNP and its hybrids of Si:GNP=1:5 and Si:GNP=1:10. 

Samples Carbon 

(at%) 

Oxygen 

(at%) 

Silicon 

(at%) 

Nitrogen 

(at%) 

Other 

(at%) 

Silica:APTES=1:2 26 43 27 3.1 - 

GNP 87 9 2 - 2 

Si:GNP=1:5 53 30 16 1 - 

Si:GNP=1:10 60 25.1 12.7 1.5 0.7 

 

Table 4. C/O ratios according to XPS results. 

Samples Carbon 

(%)  

Oxygen 

(%) 

C/O  

ratio 

GNP 361644 144321 2.5 

Si:GNP=1:5 220471 350888 0.6 

Si:GNP=1:10 204405 249117 0.8 

 

Figure 10 shows the TGA curves of silica, GNP and hybrid additives of Si:GNP=1:5 and 

Si:GNP=1:10. In this figure, weight loss of GNP as a function of temperature under 

nitrogen atmosphere was about 9 at% at 1000°C due to the removal of surface oxygen 

groups. Both hybrid materials lost weight slightly owing to the elimination of surface 
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functional groups. This weight loss was 6% at 1000°C for Si: GNP = 1: 5 and 8% for Si: 

GNP = 1: 10. Finally, the results show that as silica concentration was increased, the 

hybrid materials became more stable due to the highest thermal stability of silica. 

 

Figure 10. TGA curves of silica, GNP, Si:GNP=1:5 and Si:GNP=1:10 hybrid materials. 

Figure 11a represents Raman spectra of silica, GNP and hybrid additives of Si:GNP=1:5 

and Si:GNP=1:10. GNP has two main Raman peaks of D and G appeared at 1342 cm-1 

and 1585 cm-1, respectively. The first peak named as D peak is related to the disorderness 

degree of graphene samples, while the second one named as G peak attributes to the 

vibrational mode of sp2 carbon in graphitic materials [41]. There was no detected Raman 

peak in the analysis conducted on the neat silica. The defect density and crystallinity were 

then estimated using the intensity ratio of D peak to G peak (ID/IG) [42],[43]. After 

hybridization, the ID/IG ratios of the hybrid materials were changed. The disorderness of 

Si:GNP=1:5 was slightly increased, whereas the increase in GNP content in Si:GNP=1:10 

led to a decrease in ID/IG ratio indicating a more ordered structure. Table 5 summarizes 

the Raman peak intensities ratios (ID/IG) and the crystallinity index of GNP and the hybrid 

additives of Si:GNP=1:5 and Si:GNP=1:10. Figure 11b shows the XRD patterns of silica, 

GNP and the hybrid additives of Si:GNP=1:5 and Si:GNP=1:10. XRD analysis was 

conducted to monitor the changes in crystallinity. GNP has broad and less intense (002) 

peak at around at 2θ=25°. Furthermore, the peak at 2θ=35.8˚ belongs to the (311) 

reflection of Fe catalyst coming from the production process of graphene from waste tire. 

By addition of silica particles, the peak at around 2θ=25° becomes wider. However, there 

is no significant difference between the two hybrid additives, since GNP has a more 

prominent structure that suppresses the silica peak.  
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 (a)  (b) 

Figure 11. (a) Raman spectra and (b) XRD patterns of silica, GNP, and Si:GNP=1:5 and 

Si:GNP=1:10 hybrid additives. 

Table 5. Raman peak intensities, ID/IG ratios and crystallinity index of GNP, Si-

GNP=1:5 and Si:GNP=1:10 hybrid additives. 

Samples D peak 

intensity 

(a.u.) 

G peak 

intensity 

(a.u.) 

ID/IG Crystallinity 

(%) 

GNP 2670.6 2754.5 0.97 24.1 

Si:GNP=1:5 3043.9 3100 0.98 27.8 

Si:GNP=1:10 3894.2 4111.6 0.94 23.3 

 

2.3.3. Grout formulations by GNP based hybrid additives and their characteristics  

The rheological properties of the grout used to backfill the heat-exchange boreholes are 

essential for several reasons. A grout with good rheological properties can provide good 

pumpability, less entrapped air and consequently lower permeability, less sensitivity to 

freeze and thaw cycles and accordingly more durability and good thermal contact between 

the grout, the pipes and the surrounding underground formations that lead to higher 

thermal conductivity between the heat carrier fluid and the ground [44]. One of the most 

important parameter that affects the efficiency of geothermal energy system is the thermal 

resistance of the heat-exchange boreholes that in turn depend on the thermal properties of 

the backfill [11]. The thermal resistivity of the grout, Rg can be determined using the 

following equation (1), where Sb is the borehole shape factor and λg is the thermal 

conductivity of the backfill grout in terms of [W/mK] [45]: 
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    𝑅𝑔 =
1

 𝑆𝑏.λ𝑔
      (1) 

   

Since Rg and λg are reciprocals of one another, the minimum thermal resistance of the 

borehole means the maximum thermal conductivity in correlation with the shape factor 

enhancing the heat transfer rate between the heat carrier fluid and the Earth [46]. 

 

Table 6 summarizes the thermal conductivity results of the grout samples prepared by 

addition of Silica-GNP hybrid additives at different loadings. In the first trials, thermal 

conductivity of GNP based cement sample was measured at three curing conditions on 

7th, 14th and 28th days. As seen in Table 6, as carbon content is increased in both the hybrid 

structure and the grout mixture, water uptake is increased compared to the reference grout. 

The increase in the water demand in Si:GNP=1:5 samples (that occurred due to the higher 

loadings of 1-5 wt%) decreased the thermal conductivity values from 2.373 W/mK to 

1.816 W/mK. As the content of GNP was doubled in the hybrid additive (from 

Si:GNP=1:5 to Si:GNP=1:10), water demand of the grout mix was decreased and thus 

the thermal conductivity of the grout sample was increased from 1.816 W/mK to 2.341 

W/mK at 5 wt% loading which corresponds to 29% improvement. In addition to thermal 

conductivity, Table 6 shows a summary of the results obtained from the flowability tests 

(using a Marshcone and a Flow table), the bleeding tests (using glass cylinders) as well 

as the density measurements (using a Mud-balance). In this study, the target values for 

the Marshcone time and the Flow-table test were in the range of 80-120 sec and 20-30 

cm, respectively. Similarly, the maximum accepted value for the bleeding and the 

minimum accepted value for the density were 2% and 1.3 g/cm3, respectively. As seen in 

Table 5, all the test results obtained from the grout samples having Silica-GNP hybrid 

additives were in the accepted ranges. 
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Table 6. Thermal conductivity results and rheological properties of selected reference grout and samples having hybrid additives. 

 

Test 

no 

Cement 

(g) 

Silica 

Sand 

30-35 AFS 

(g) 

Silica 

Sand  

60-70 

AFS (g) 

Bentonite 

(g) 

Additive 

(g) 

SP 

(g) 

Water 

(g) 

Marshcone 

(sec) 

Flowtable 

(cm) 

Bleeding 

(%) 

 

Density 

( g/cm3) 

 

Thermal 

Conductivity 

( W/mK) 

1 930 900 900 10 
0 

Reference 
18.6 650 77 26 0.49 2.1 2.373 

2 930 900 900 10 

9.3 

(Si:GNP=1:5) (1 

wt%) 

18.6 650 90 28 <0.3 2.02 2.427 

3 930 900 900 10 

27.9 

(Si:GNP=1:5) (3 

wt%) 

18.6 660 105 24 0.10 2.04 2.287 

4 930 900 900 10 

46.5 

(Si:GNP=1:5) 

(5 wt%) 

18.6 725 95 27 0.25 2.03 1.816 

5 930 900 900 10 

46.5 

(Si:GNP=1:10) 

(5 wt%) 

18.6 700 96 28 1.2 2.05 2.341 
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2.4. Conclusions 

In the present study, silane functionalization routes were developed to treat silica surface 

and make compatible hybridization with GNP. Optimization study provided the proper 

amount of APTES (i.e. 1:2 of Silica to APTES (w/w)) to be used in the treatment of silica. 

This was verified by FTIR and TGA analyses. Then, GNP produced from the recycled 

carbon black obtained by the pyrolysis of waste tire was selected as a carbon source for 

the hybridization step. This type of graphene has also surface oxygen functional groups 

of 9 at% to make suitable bridges with amine groups on the surface of APTES 

functionalized silica. After the structural confirmation of hybrid additive, reference grout 

formulation was determined by adjusting the contents of cement, silica sands, bentonite, 

superplasticizer and water. The effects of GNP amount in hybrid structure and the 

concentration of hybrid additive on the thermal conductivity of the prepared grouts 

showed that as water content increased, thermal conductivity value decreased. On the 

other hand, increasing GNP amount in hybrid additive led to an increase in thermal 

conductivity by 29% by keeping the GNP loading ratio of 5 wt% in two different grouts. 

Consequently, the study finally shows noticeable potential of the hybrid additives 

produced from GNP to be used in the backfill grout formulations in the geothermal heat-

exchange boreholes. This will be more discernible, since renewable energy sources come 

into prominence by ever-increasing energy-demand and global pollution.  
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CHAPTER 3: Synergistic Effect of Expanded Graphite-Silane Functionalized 

Silica as a Hybrid Additive in Improving Thermal Conductivity of Cementitious 

Grouts with Controllable Water Uptake 

 

Recently, a growing demand on geothermal applications leads to the exploitation of 

energy efficiently by developing grouting materials in the borehole between the pipes and 

ground. Therefore, the current study develops newly formulated cementitious grouts by 

the integration of expanded graphite (EG) based hybrid additives synthesized by building 

chemical bridges between silica particles and EG in the presence of amino functional 

silane coupling agents. These produced hybrid additives with controlled EG and silica 

ratios were utilized in these grout mixtures used in borehole heat exchangers to enhance 

the thermal conductivity. According to optimization study on the formulation 

development of grout mixtures having bentonite, silica sands, cement, and 

superplasticizer by adding neat EG and EG based hybrids, the relationship between 

carbon amount and water demand has been found to have a significant impact on thermal 

conductivity. The highest thermal conductivity value of 2.656 W/mK was achieved by 

the incorporation of 5 wt% hybrid additive with the ratio silica/EG of 1:5 compared to 

the reference grout having the thermal conductivity of 2.373 W/mK. Therefore, the 

enhancement in thermal conductivity was dependent on the increase in EG content and 

also additive loading ratio resulting in slight increase in the water demand. 

 

3.1. Introduction 

New researches on renewable energy have been growing due to the increasing demand of 

energy all over the world. At this point, shallow geothermal energy systems  have 

attracted enormous research interests owing to their several advantages such as reducing 

CO2 emission, being weather independent in contrast to other renewable energy 

technologies and finally availability in most lands [47]. In such systems, the most 

prominent feature of ground loop heat exchanger is the backfill grout , which allows the 

heat-exchange between  the heat-carrier fluid in pipes and the surrounding formations 

[48]. Therefore, the thermal conductivity of the backfill grout should be as close as 

possible to the thermal conductivity of the surrounding formations to successfully 

exchange the heat with minimum heat loss [11]. More specifically, as the thermal 

conductivity of the grout increases, the more heat can be transferred through the borehole 
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and the length of the pipe to be constructed under the ground can be shortened, thus the 

installation costs are reduced [49]. 

According to the literature, several attempts have been carried out over the years to 

develop thermally enhanced grouts by using carbon nanotubes as nano-scaled additives. 

Lee et al. incorporated different concentrations of multi-walled carbon nanotubes 

(MWCNT) into a grout consisting of cement, sand and a surfactant resulting in the 

improvement of electrical resistance of 1.0% MWCNT based grout with the filling rates 

of 100%, 75%, 50% and 25% as 0.449 kΩ, 0.575 kΩ, 0.846 kΩ, and 0.934 kΩ, 

respectively [50]. In another study, Zhang and Li produced a cement-based composite for 

a thermally conductive layer in a deicing road system by integrating 3 wt% MWCNT and 

obtained thermal conductivity of 2.83 W/mK [51]. However, there are still challenges in 

the utilization of CNT in grouting mixtures especially in mass production due to their 

rigid surface, the requirement of an additional surface treatment and high cost [52, 53]. 

Therefore, the trend has so far been mainly gone through ease available materials to 

overcome the needs in the backfill grouts used in the borehole heat exchangers. 

In previous studies carried out to improve thermal conductivity of the backfill grouts, 

various types of graphitic materials and treatment techniques have been tested to meet the 

defined requirements. For instance, Delaleux et al. studied on the dispersion of different 

graphite loadings between 0 to 25 wt% with different intrinsic densities changing from 

20 to 150 kg/m3 in bentonite mortars indicating an attainment of highest thermal 

conductivity of 5 W/mK by the addition of 5 wt% graphite with the internal density of 

about 100 kg/m3 [54]. In another work, Lee et al. compared the effect of graphite and 

silica sand in thermal conductivity of bentonite grout and stated that use of 20% graphite 

increased the thermal conductivity of bentonite grout close to that in the geologic 

formation (1.7–2.1 W/mK), whereas silica sand did not change thermal conductivity even 

by 60% loading [5]. Following that, Jobmann et al. investigated the influence of 

temperature, water content and density on thermal conductivity, using graphite as an 

admixture and achieved the thermal conductivity of 3 W/mK with the water content of 

14% and the graphite content of 15% [19]. In addition to the thermal conductivity 

characteristic of grouts, it is possible to enhance the mechanical properties of 

cementitious grouts by polymer coating and the attachment of -COOH groups on graphite 

nanomaterials to improve their dispersion behaviors [55]. Therefore, the structural 

properties of the graphitic materials should be also taken into consideration to allow 
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improvement of the interfacial interactions with the cement matrix and the other 

components of the grout by tailoring surface chemistry. 

Among the graphitic materials, expanded graphite (EG) with high carbon content has a 

beneficial of improving thermal conductivity of grout mixtures due to its remarkable 

thermal properties, low density, high porosity, planar geometry and low price [56, 57]. In 

one of the works, Bao et al. conducted infrared thermal image analysis to compare the 

performance of 20 wt% EG- Paraffin and 10 wt% graphene nanoplatelets (GNP)-Paraffin 

used as the phase change materials in the developed cement-based composites, resulting 

in better thermal-regulatory with GNP due its high thermal conductivity coefficient [58]. 

Furthermore, Zhang et al. fabricated EG/paraffin gypsum-based composite with 1 wt% 

carbon fiber and increased the thermal conductivity by 36.0% and 28.6% with the addition 

of 10% and 20% EG, respectively [59]. Accordingly, the recent investigations clearly 

show the potential of EG to use as a phase change material and its direct use in grout 

mixes without any required surface modification, especially in paraffin systems. 

Another important criterion in grout mixtures is to obtain uniform dispersion of the used 

additives. The incorporation of carbon-based materials into the cement mixture increases 

the viscosity and decrease the fluidity. Therefore, surface treatments on carbon-based 

materials gains high importance to enhance their dispersion in cementitious matrix by 

providing an efficient heat transfer. Luping et al. enhanced the interactions between 

graphene oxide (GO) and calcium silicate hydrate in cement matrix by applying silane 

functionalization to form covalent bonds and provide better dispersion [60]. Moreover, 

Wang et al. improved the fluidity and rheological properties of cement paste and prevent 

the aggregation of particles by applying copolymerization on silane modified GO [24]. 

These studies stated that the working performance of cement mixtures can be raised by 

the silanization of the selected additive. Silica has also gained considerable attention due 

to its ease distribution, high modulus, electrical insulation, hardness as well as extreme 

temperature sustainability [61]. Furthermore, the incorporation of silica into the 

cementitious mixture/mortar can improve the interfacial bonding of cement hydrates with 

modified carbon-based materials during the hydration reaction and more compact 

structure can be obtained by filling the remaining voids in hydrated cement paste [55, 62–

64]. Especially the development of silica-based hybrid additives by using graphitic 

structures can noticeably influence the performance of grout used in Shallow Geothermal 

Energy Systems. There are numerous attempts for the attachment of silica particles on the 

surface of graphite and graphene based structures to pose high thermal conductivity in 
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the field of improving the properties of latex and electronic industry as high-performance 

thermal interface materials [65, 66]. 

To the best of our knowledge, the performance of EG and silica in combined structures 

has not yet been sufficiently evaluated in the grout mixes and there are very limited 

studies about utilization of the hybrid additives for development of thermally enhanced 

grout composites. In order to maintain an effective interfacial bonding between EG and 

the cementitious grout composites, the dispersibility of the graphitic materials added to 

the grout mix should be enhanced by surface treatment [67]. To overcome the low 

dispersibility of EG in cementitious grout composite, new approach has been carried out 

by modifying the surface of EG with silane coupling agents in order to increase the 

surface hydrophilicity and interfacial interactions between EG and the cement matrix. 

Surface functionalization by organo-silanes is one of the efficient ways to improve the 

chemical adhesion between two materials [68]. Several studies have been conducted to 

improve the rheological properties and/or strength of cement mortars by addition of 

carbon-based materials[15]. 

In the present study, silanization process is employed to develop new forms of EG-based 

hybrid additives by changing the amounts of functionalized silica and EG for the 

fabrication of thermally enhanced grout composites to enhance interfacial interactions 

between the developed additives, bentonite and the other grout components. In order to 

understand the extent of influence of carbon content on the performance of the developed 

cementitious grout composites, chemical compositions of hybrid additives were tailored 

by changing silica and EG contents. Detailed spectroscopic and macroscopic studies were 

carried out to confirm the structural formation of EG-based hybrid additives. Then, the 

performances of the produced EG-based hybrid additives were tested in the grout mixes 

formulated to obtain the highest possible thermal conductivity with the proper rheological 

properties. 

 

3.2. Materials and Methods  

3.2.1. Materials 

In this investigation, 3-Aminopropyl triethoxysilane (APTES >98%), acetic acid and 

Tetrahydrofuran (THF) were provided from Sigma-Aldrich, USA. Amorphous silica 

(SiO2) was provided from Merck, Germany. Expanded graphite-GFG5 with 5 μm particle 

size was obtained from SGL Carbon, Germany. Portland Cement CEM I 42.5 R from 
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Cimsa, Turkey, Silica Sand (AFS 30-35 and AFS 60-70) from Kumsan Co, Turkey, 

superplasticizer (SMRC-310S) from Sika, Turkey and bentonite from Canbensan 

Bentonite, Turkey were used in preparation of the grout composites. Malvern 3000, laser 

diffraction particle size analyzer was used to analyze the particle size distribution of 

constituents. Table 7 summarizes the particle size distributions of cement, bentonite, 

silica sands AFS 30-35 and AFS 60-70 regarding D10, D50, and D90 which are the 

intercepts for 10%, 50%, and 90% of the cumulative mass of analysis results. The product 

of Silica Sand AFS 30-35 with D90 = 912 µm has the largest particle size among the 

samples, whereas cement with D90 = 46.4 µm has the smallest one. 

Table 7. Particle size distributions (D10, D50 and D90) of cement, bentonite, two types 

of silica sands according to 10%, 50%, and 90%. 

Constituent names D10 (μm) D50 (μm) D90 (μm) 

Cement 3.72 17.8 46.4 

Bentonite 9.21 40.6 131 

Silica Sand  

30-35 AFS 

401 621 912 

Silica Sand  

60-70 AFS 

134 250 454 

 

3.2.2. Synthesis of Functionalized Silica 

Silane coupling agents have considerable influence on the dispersion of fillers and the 

improvement of interfacial interactions between fillers and the constituents in cement 

matrix. The dispersion quality of the selected fillers directly enhances the thermal, 

mechanical and physical properties of nanocomposites since silane coupling agents acting 

as bridge between silica and EG by increasing the compatibility with the component of 

grout mixes. APTES is one of the most commonly used silane coupling agents that 

connects chemically reactive functional amino groups to silica and hydrolyzable groups 

on EG by silanization process. In order to provide effective functionalization, the 

optimum APTES to silica ratio was determined as 1:2 by adjusting weight to weight ratio 

of silica and silane amounts. In more details, 1 g of silica was first mixed into 50 mL 

distilled water. Then, 2 mL APTES was dissolved into the mixture and the pH level of 

the solution was adjusted to 5.5 by adding acetic acid. Afterwards, the mixture was stirred 
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at 80 °C for 24 h to ensure completion of the silanization reaction. At the end of the 

reaction, the mixture was filtered by washing with water and ethanol twice in order to 

remove the remaining silane coupling agent. The filtrate was then dried in an oven at 70 

°C for 24 h. The detailed production process of APTES functionalized silica particles 

with an average diameter of 130 nm can be found in our previous publication [8]. 

3.2.3. Hybridization of EG with Functionalized Silica 

In this study, hybrid EG/silica additives modified by silane coupling agents were 

developed by tailoring surface functional groups. To produce a homogeneously dispersed 

EG solution, THF was selected as a reaction medium [69]. Accordingly, approximately 

240 g EG was added to 7.5 liter of THF. The solution was then subjected to ultrasonic 

dispersion process by Handheld Ultrasonic Homogenizer from Hielscher Ultrasonics at 

room temperature for 30 min. Afterwards, a previously prepared APTES functionalized 

silica aqueous solution (Silica:APTES=1:2, encoded as fSi) was slowly added into EG-

based suspension. The reaction was carried out through refluxing at 60 °C overnight. 

After the reaction, the resultant material was obtained by centrifugation and then 

separated by decantation and dried at 70 °C overnight in vacuum oven. While the silica 

to silane ratio in functionalized silica was kept as 1:2 in hybrid additives, as summarized 

in Table 8, the ratios of functionalized silica and EG were adjusted as 1:1 and 1:5 encoded 

as H-EG-1 and H-EG-2 (also called as fSi/EG based hybrid additive), respectively, to 

monitor the effect of carbon content on the performance of hybridized additives in grout 

mixes. 

 Table 8. Summary of synthesis conditions of EG based hybrid additives. 

Samples Silica:APTES=1:2 

(fSi), (g) 

EG Amount 

(g) 

Reaction 

Medium 

Reaction Time 

(h) 

H-EG- 1 

(fSi:EG=1:1) 

1 1 THF 24 

H-EG-2 

(fSi:EG=1:5) 

1 5 THF 24 

 

3.2.4. Preparation of grout samples by using hybrid additives 

Since addition of EG-based materials affects the properties of neat grout composites, 

optimization process is crucial to obtain the best possible properties. As shown in Table 

9, the neat grout composition consists of 65.69 wt% of silica sands having different 
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particle sizes named as 30-35 AFS and 60-65 AFS, 33.94 wt% of cement, 0.37 wt% of 

bentonite and superplasticizer and then EG based hybrid additives were added with two 

different concentrations of 3 wt% and 5 wt% by tailoring the amount of bentonite and 

water uptake. The grout composites were mixed using a high-share dispersion system 

from VMA-Getzmann. While part of the prepared grout mix was separated each time for 

Marsh-cone and flow-table tests, rest of the material was poured into disk-shaped molds 

(20 mm in height × 60 mm in diameter) and kept in climate chamber under 100% relative 

humidity and 20 °C for curing. The curing stages of the samples were examined on 7th, 

14th and 28th days. Conductivity measurements were carried out on the mentioned days 

after the cement sample was poured into the mold and placed in a 100% moist 

environment at 20 °C. Since no significant change was observed on these days, thermal 

conductivity tests were carried out for the samples cured on the 7th day. The samples 

were then used to determine the thermal conductivity of the EG-based hybrid additive 

enhanced cementitious grout composites. Thermal conductivity tests were performed 

under 23°C and 50% ± 2% humidity. Further details about mixing regime, sample 

preparation and the tests conducted for the thermal and rheological characterizations of 

the grout mixes can be found in the previous article [8]. 

 

Table 9. Reference grout formulation. 

Component wt% 

Cement 33.94 

Silica Sand (30-35 AFS) 32.845 

Silica Sand (60-65 AFS) 32.845 

Bentonite 0.37 

 

3.2.5. Characterization 

The morphologies of neat EG, silica and fSi:EG=1:1 and fSi:EG=1:5 hybrid additives 

were examined by Scanning Electron Microscope (SEM, Leo Supra 35VP Field 

Emission). The thermal properties of the prepared samples were conducted by using 

thermal gravimetric analyzer over the temperature range of 25 °C to 1000 °C at a heating 

rate of 10 °C/ min under flow of nitrogen (TGA, Mettler Toledo TGA/DSC 3+). The 

crystallinity of the samples was analyzed by X-ray diffraction with a CuKα radiation 
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source (XRD, Bruker D2 PHASER Desktop). X-ray Photoelectron Spectroscopy System 

(XPS, Thermo Scientific K-Alpha) was also used to examine the elemental composition 

of EG and its hybrid additives. The thermal conductivity of silica/EG-based cementitious 

grout composites was investigated using a thermal conductivity analyzer (Hot Disk 

Thermal Constants Analyser, TPS 2500 S). The thermal conductivity tests were repeated 

with three different combinations of identical samples to obtain more accurate results and 

the reported values were the average of the three repetitions. Surface areas of the samples 

were measured by Brunauer-Emmett-Teller technique using Micromeritics 3Flex surface 

analyzer equipment. The structural changes in carbon-based materials were characterized 

by Raman spectroscopy with the laser wavelength of 532 nm in the range of 100-3500 

cm-1 (RAMAN, Renishaw inVia Reflex Raman Microscopy System). 

 

3.3. Results and Discussion 

3.3.1. Structural Properties of Functionalized Silica and Silica Modified Hybrid 

EG Additives  

Although the addition of EG as an additive improves the rheological, mechanical and 

thermal properties of cementitious grout composites, homogenous dispersion of EG is 

one of main requirements to get uniform composition. Therefore, the coverage of EG 

surface with silanized silica might be an effective method to provide proper interaction 

between EG and other grout constituents. In the initial part of functionalization, silane 

coupling agents of APTES were attached covalently to the surface of silica with their 

hydrolyzed groups in water medium with adjusted pH as seen in Figure 12a. In other 

words, the formation of a network between three hydrolyzable groups of silanes and OH 

groups of silica cause covalent interactions to preserve the uniformity in the structure. In 

the second part, amine functional groups were linked to the EG sheets and formed the 

hybrid additive as shown in Figure 12b.  
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(a) 

 

(b) 

Figure 12. Schematic representation of (a) APTES functionalized silica (fSi) and (b) 

fSi/EG based hybrid additive. 

 

In order to observe the influence of fSi/EG ratio on thermal conductivity of the developed 

cementitious grouts, two different hybrid additives were produced and tested by changing 

the amounts of silica and EG as 1:1 and 1:5, while keeping the ratio of silica to APTES 

constant. The results showed that by changing the carbon content in the structure of the 

hybrid additive, the specific surface area of the hybrid is noticeably changed. In case of 

H-EG-1, BET surface area was measured as 74 m²/g compared to that of neat EG, which 

was evaluated as 30 m²/g. In case of H-EG-2, as the carbon content in the hybrid structure 

was increased, the BET surface area was decreased down to 12 m²/g. That is mainly due 

to the very high surface area of neat silica (473.8 m²/g) compared to that of EG (30 m²/g). 

Herein, as carbon content was increased, the surface area of hybrid was decreased. 

Amino groups coming from APTES that are attached on the silica surface play a 

significant role to obtain an ideal hybridization with the EG particles. Therefore, chemical 
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composition analysis was carried out by XPS to monitor the changes in the chemical 

composition on the surface of the hybrid EG additives compared to neat silica and EG. 

Survey scans of EG, represented in Figure 13a, show two main peaks of C1s and O1s at 

286 eV and at 534 eV, respectively, indicating the presence of carbon and oxygen content 

[70]. According to the XPS results tabulated in Table 10, EG contains 98% of carbon and 

2% of oxygen in its structure, which makes it an excellent candidate to enhance higher 

thermal conductivity than other carbon-based materials [71]. As seen in XPS scans in 

Figure 13a and Table 10, while neat silica consists of 60% oxygen, 3.3% carbon, and 

36.7% silicon, there is a decrease in the oxygen and the silicon contents, and an increase 

in the carbon and the nitrogen contents in Si:APTES=1:2, indicating successful 

silanization. Furthermore, after functionalization of silica surface with APTES (fSi), 

nitrogen appeared at around 399 eV in the survey scan of Si:APTES=1:2. This was a clear 

evidence of bonding between silica and APTES. Considering the scans of the hybrid 

additives, the increase in carbon content and the decrease in nitrogen content clarify the 

formation of the hybrid structures. Herein, the increased carbon content is an indication 

of modification of APTES functionalized silica with EG. The results also showed that H-

EG-2 had higher carbon content and lower Si content compared to H-EG-1. This shows 

that it is feasible to control the surface composition using proper chemical approach. 

Moreover, the deconvolution of C1s, O1s and N1s spectra for EG, silica, H-EG-1 and H-

EG-2 were carried out to investigate formation of interfacial interaction between the 

components. In C1s deconvolution shown in Figure 13b, the peaks at around 284.5 eV 

belong to C-C, indicating highly ordered sp2 graphitic network [72, 73]. Figure 13c shows 

the deconvolution of O1s spectra of neat and hybrid structures which showed the peaks 

at around 532.8 eV attributing to the presence of O–Si in the structures [74]. Figure 13d 

represents the deconvolution of N1s spectra of functionalized silica and hybrid additives. 

The sharp N1s peak of functionalized silica at around 398.8 eV indicates the presence of 

NH3 groups. After modifying the surface of EG with APTES functionalized silica, the 

N1s peak became broader. Moreover, they were shifted to higher values and appeared at 

around 400 eV and 399.4 eV for H-EG-1 and H-EG-2, respectively, indicating nitridation 

of EG surface. In addition, there are alterations in the intensities of N1s peaks of H-EG-

2 (fSi:EG=1:5) and H-EG-1 (fSi:EG=1:1), coming from the formation of amine and 

charged amine moieties, respectively, in the hybrid structures [75]. 
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Figure 13. (a) XPS survey scan spectra, (b) C1s spectra, (c) O1s spectra and (d) N1s 

spectra of silica, Silica:APTES=1:2, EG, H-EG-1 and H-EG-2. 

Table 10. XPS results of silica, Silica: APTES=1:2, EG and its hybrid additives with 

different carbon contents. 

Sample Name 
Carbon 

(at%) 

Oxygen 

(at%) 

Silicon 

(at%) 

Nitrogen 

(at%) 

Silica 3.3 60 36.7 - 

Silica: APTES=1:2 26 43 27 3.1 

EG 98 2 - - 

H-EG-1 50.5 30.3 18.2 1 

H-EG-2 88.2 6.7 3.2 1.7 

 

XRD analysis was performed to monitor the changes in the crystallinity of hybrid 

additives. Figure 14 exhibits XRD spectra of silica, EG, H-EG-1 and H-EG-2. The broad 

XRD peak on pattern of silica appeared at around 2θ=21° belonging to (101) planes 

revealing the amorphous structure of the silica [76] and the peak appeared at around 2θ= 

43.6° belongs to the metallic holder. EG shows a sharp peak at around 2θ= 26.5° 

belonging to the diffraction of (002) planes and a smoother peak at around 2θ=54.6° 

belonging to the diffraction of (004) planes, indicating a crystalline structure [70]. As 

seen in Table 11, after attachment of the silica particles on EG surface, the crystallinity 

degree of EG decreases from 89% down to 70.6% and 68.7% in H-EG-1 and H-EG-2, 

respectively. This phenomenon can be observed in the XRD spectra showing the decrease 

in the intensity of (002) peak due to the amorphous structure of the silica that affects the 

crystallinity of the hybrids.  



36 

 

 

Figure 14. XRD spectra of silica, EG, H-EG-1 and H-EG-2. 

Table 11. Crystallinity results received from XRD characterization. 

Sample name Crystallinity (%) Amorphous (%) 

Silica 58.7 41.3 

Silica: APTES=1:2 38.2 61.8 

EG 89 11 

H-EG-1 70.6 29.4 

H-EG-2 68.7 31.3 

 

Figure 15 exhibits Raman spectra of silica, EG, H-EG-1 and H-EG-2. Three diffraction 

peaks were appeared in the Raman spectrum of EG. The sharp and strong G-peak seen at 

around 1579 cm-1, the weak D-peak at 1350 cm-1 and the 2D band (the overtone of the D 

band) at 2700 cm-1 are indications of the graphitic carbon nature of EG. All three 

characteristic peaks known as D, G and 2D belonging to EG are also seen in the Raman 

spectra of H-EG-1 and H-EG-2 with slight up-shifts compared to the peak positions of 

EG due to the impregnation of the silica particles and chemical doping on the surface of 

EG [77]. There is no Raman peak attributed to silica. As carbon content of the hybrid 

additives increased (from H-EG-1 to H-EG-2), the intensity of D peak decreased 

indicating the reduction of disorderness in the lattice [78]. Furthermore, as shown in Table 

12, the relative intensity (ID/IG) of H-EG-2 is calculated as 0.52 which is less than the 
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ID/IG ratios of H-EG-1 with 0.68 and neat EG with 0.61. This can be an indication of an 

increase in the order of the structure [72]. 

 

Figure 15. Raman spectra of silica, EG, H-EG-1 and H-EG- 2. 

Table 12. Raman peak intensities and ID/IG ratios of EG, H-EG-1 and H-EG-2. 

Sample Names 
D peak Intensity 

(a.u.) 

G peak Intensity 

 (a.u.) 

2D Peak Intensity 

(a.u.) 
ID/IG 

EG 1291.6 2108 1779 0.61 

H-EG-1 1585.8 2309.4 2222.6 0.68 

H-EG-2 2291.5 4364.1 3383.5 0.52 

 

3.3.2. Thermal degradation behaviors of neat and silica modified EG hybrid 

additives 

TGA was conducted in order to investigate the thermal stability and evaluate the 

functional groups of the developed EG-based hybrid additives. Figure 16 shows the TGA 

curves of silica, Silica:APTES=1,2, EG, H-EG-1 and H-EG-2. As seen in TGA curves, 

there is enormous decrease in the degradation profile with the functionalization of silica 

with APTES. After grafting the surface of EG with functionalized silica, degradation 

profiles of both hybrid additives become more thermally stable compared to 

functionalized silica, showing the successful bonding. Hybrid additives of H-EG-1 and 
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H-EG-2 have approximately 3% and 5% weight loss, respectively, at 1000°C. This 

alteration in weight loss comes from the differences in carbon and silica ratio since H-

EG-1 contains high silica amount and thus shows better thermal stability than H-EG-2.  

 

Figure 16. TGA curves of silica, Silica:APTES=1:2, EG, H-EG-1 and H-EG- 2. 

3.3.3. Morphological Properties of Neat and Hybrid Additives 

Figure 17 represents SEM images of neat EG, neat silica, H-EG-1 (low carbon content) 

and H-EG-2 (high carbon content). SEM image of neat EG in Figure 17a has sharp, rigid 

and stacked layers. SEM image in Figure 17b shows the randomly distributed of 

amorphous SiO2 particles. After the hybridization of EG with functionalized silica with 

the ratios of fSi:EG=1:1 and fSi:EG=1:5 as seen in in Figure 17c and 17d, both silica 

particles and rigid EG structures are observed clearly. Especially, high moiety of silica 

particles is seen in Figure 17c due to the presence of high amount of fSi. To conclude, the 

morphological studies revealed that the silica particles were attached to the surface of EG 

with the help of silane-based coupling agents. 
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 Figure 17. SEM images of (a) neat EG (b) neat silica (c) fSi:EG=1:1 and (d) fSi:EG=1:5 

hybrid additives. 

 

3.3.4. Thermal Conductivity and Rheological Behaviors of Silica-EG hybrid 

Additive Grout Composites 

The results of thermal conductivity measurements of neat and grout samples having 

silica-EG hybrid additives with the loadings of 3 wt% and 5 wt% are presented in Table 

13. The flowability tests, the bleeding tests and the density measurements of neat and 

grout samples conducted in fresh condition are also given in the same table. The 

developed thermally enhanced grouts consist of cement, two silica sands with different 

particle size distribution curves, bentonite, superplasticizer and two newly developed 

hybrid additives. The thermal conductivity of a cementitious grout produced with the 

same materials but with no additive (the reference grout) was measured as 2.373 W/mK 

(Test 1). Addition of 3 wt% of H-EG-1 into the reference grout mix increased the water 

demand from 650 g to 750 g and as a result decreased the thermal conductivity from 2.373 

W/mK to 2.175 W/mK. To examine the effect of water content on thermal conductivity, 

in Test 3, the amount of water was reduced from 750 to 730 g, while contents of the other 
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components kept constant. The result of thermal conductivity measurement showed 

slightly higher value (2.429 W/mK) compared to the result of test 2 (2.175 W/mK). In 

comparison of Test 2 and Test 3, as the water content was decreased by 2.66%, the result 

of thermal conductivity showed an increase by 9.34%. This implies that in cementitious 

grout composite, increasing the water content decreases the thermal conductivity. To 

solve the issue and improve the thermal conductivity effectively, the fSi/EG ratio in the 

hybrid additive structure was changed from 1:1 in H-EG-1 to 1:5 in H-EG-2, respectively, 

with the aim to increase the carbon content. In addition, in test 4, the content of the hybrid 

additive in the grout composition was increased from 3 w% to 5 w%. Even though the 

result of test 4 showed slightly higher water demand, the resulting thermal conductivity 

of the re-formulated grout increased to 2.656 W/mK with rheological properties in the 

accepted ranges. This improvement is attributed to the low water demand but of high EG 

content in the grout composition produced with H-EG-2.
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Table 13. Thermal conductivity results of reference grout and with the addition of H-EG-1 and H-EG-2 in different loading percentages. 

Test 

no 

Cement 

(g) 

Silica 

Sand 

30–35 

AFS (g) 

Silica 

Sand 

 60–70  

AFS (g) 

Bentonite 

(g) 

Additive 

(g) 

SP 

(g) 

Water 

(g) 

Marshcone 

(sec) 

Flowtable 

(cm) 

Bleeding 

(%) 

Density 

(g/cm3) 

 

Thermal 

Conductivity 

(W/mK) 

1 930 900 900 10 0 

Reference 

18.6 650 77 26 0.49 2.1 2.373 

2 930 900 900 10 27.9 

(fSi:EG=1:1) 

H-EG-1 

 (3 wt%)  

18.6 750 90 25 0.22 2.01 2.175 

3 930 900 900 10 27.9 

(fSi:EG=1:1) 

H-EG- 1 

 (3 wt%) 

18.6 730 109 24 0.10 2.02 2.429 

4 930 900 900 25 46.5 

(fSi:EG=1:5) 

H-EG- 2 

(5 wt%) 

18.6 735 103 30.3 1.7 1.95 2.656 
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3.4. Conclusions 

In the present study, the enhancement of the thermal conductivity of the cement-based 

grouts used in shallow geothermal energy systems was carried out by the development of 

surface chemistry controlled expanded graphite (EG) based hybrid additives. For 

functionalization process, APTES as a silane coupling agent with amino functional 

groups was attached to silica surface in order to make suitable bridges with EG surface. 

Then, hybridization study was carried out to develop two kinds of EG based additives by 

controlling fSi ratio in order to monitor the influence of carbon content on the formulated 

grout mixtures and facilitate their dispersion in aqueous media. XPS characterization 

confirmed the changes in Si and C ratios on the surface of hybrid structures. C atomic 

percentages of H-EG-1 and H-EG-2 were measured as 50.5 and 88.2, respectively. In 

addition, crystallinity degree of EG based hybrids was decreased by the addition of 

amorphous silica. Afterwards, the incorporation of the silica/EG hybrid additives in the 

grout mix with optimized water demand enhanced the thermal conductivity noticeably 

compared to that in the reference grout. The result of thermal conductivity measurement 

of the grout mix developed with addition of 5 wt% silica/EG hybrid additive (H-EG-2) 

showed the highest thermal conductivity value of 2.656 W/mK. The effect of water 

content was also assessed for highlighting the strong influence on thermal conductivity 

of the grout composites. In other words, by changing the fSi/EG ratio in the hybrid 

additive structure from 1:1 to 1:5, the water demand decreased to such extent that by 

increasing the additive loading in the grout mix from 3% to 5%, the water demand was 

increased only by less than 1%. Consequently, the thermal conductivity showed a 

noticeable increase of approximately 12%. The increase in the thermal conductivity was 

attributed to the increase in the EG content in the hybrid additive structure as well as the 

increase in the additive loading in the grout composition but without considerable 

increase in the water demand. Consequently, the modification of EG provides carries 

significant importance on the performance enhancement of bentonite-based grout 

mixtures and functionalization improves the interfacial interactions between grout 

constituents and thus resulting in the fabrication of high performance cement composites.
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CHAPTER 4: Controlling the surface chemistry of SiO2 decorated carbon 

nanosheets from waste rice husk ash by silanization and its effect on heat flow and 

hydration of cement-bentonite based grouts 

RHA having porous structure having high amount of amorphous silica nanoparticles (4 

nm) decorated on the surface of carbon nanosheets is a suitable and cheap candidate to 

be used as a grout additive. In this study, neat RHA and functionalized RHA (f-RHA) 

with three different loadings were successfully integrated into the cement-bentonite based 

grouts by adjusting water to cement ratio. Workability of grouts having RHA based 

additives was analyzed in terms of bleeding, density, flow spread and Marsh cone time. 

Also, this study showed the thermal and prolongation of hydration performances of the 

cementitious grout were enriched by successful attachment of amino-silane functional 

groups on RHA surface. Heat of hydration performance of RHA and functionalized RHA 

introduced cementitious grout composite was assessed by isothermal calorimetry tests 

and especially kinetics of hydration was increased by adding RHA. The presence of 

amino silane groups in f-RHA intensified the adsorption and resulted in the retardation 

and reduction in the heat flow. Therefore, using amino-silane coupling agent increased 

the induction period and hindered the heat of hydration compared to reference grout. On 

the other hand, incorporation of RHA and f-RHA into cement matrix did not affect 

thermal conductivity of the grouts.   

4.1. Introduction 

In the last decades, global demand for renewable energy technology is growing owing to 

the high population and economic growth. At this point, geothermal energy can make 

great contribution  since it is a type of clean renewable energy which generates electricity 

by adjusting heating and cooling processes by using heat retained in the Earth [79]. 

Geothermal energy has numerous advantages unlike other renewable sources such as 

wind turbines and solar systems since it does not depend on the climatic changes and can 

be installed in small lands. In shallow geothermal energy systems, thermal conductivity 

is an important criterion to get high efficiency from the oil surrounding the borehole field. 

Especially cementitious grout surrounding the borehole plays an essential role for the 

preservation of the heat flow from ground to the pipes. However, variation in some of the 

properties of cementitious grout such as workability, flowability and thermal conductivity 

can decrease the performance of the system due to temperature loss during heat transfer. 

Therefore, many studies have been focused on the performance enhancement of 
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cementitious composites by the incorporation of carbon based additive materials obtained 

from virgin and recycled sources [80, 81].  

Rice husk as a raw biomass has also taken great attention of the researchers due to its 

being one of the major wastes of the world [82], and having high concentration of silica 

and organic components and this makes it suitable source to convert into value-added 

carbonaceous products [83]. With the proper heat treatment/calcination, rice husk can be 

recycled into rice husk ash (RHA) which is a highly porous material containing high 

amount of amorphous silica and also carries a significant potential for the fabrication of 

carbon based nanomaterials [84, 85]. For instance, Wang et al. produced large scale and 

controllable graphene quantum dot (GQD) by first synthesizing sp2 carbon flakes from 

rice husk by applying bottom-up technique  and then subsequently converting carbon 

flakes to GQDs through hydrothermal reaction [86]. Moreover, Ismail et al. synthesized 

graphene from RHA in a cost-effective and ease manner by using potassium hydroxide 

and applied heat treatment at 800oC [87]. On the other hand, RHA acting as an additive 

or an adsorbent and catalyst carrier can be utilized in various composites structures 

consisting of rubbery, plastics and cements, and also in the concrete due to the presence 

of phases such as SiO2, Al2O3 and others [88–90]. 

RHA contains significant amount of SiO2 (≥90%) that enhances the mechanical property 

of cement mixture by improving the rate of hydration [91, 92]. In one of the work, 

Hamzeh et al. used white rice husk ash (WRHA) as an reinforcing agent in cement 

composites and showed that water absorption and bulk density of the prepared composites 

were significantly reduced [93]. Gastaldini et al. focused on the performance of electrical 

resistivity and compressive strength of concrete mixes by partially replacing RHA with 

cement and found that high amount of RHA addition led to the reduction in the electrical 

conductivity and compressive strength of concrete mixes [94, 95]. Up to now, the 

previous studies are mostly on the replacement of RHA with cement in order to decrease 

the content of cement used in the grout composition to minimize the environmental 

impact and provide economic advantage [96]. In addition to the mechanical effect of RHA 

in the cementitious composites, providing homogeneous dispersion of RHA in the matrix 

has been considered to optimize the proper grout with the desired properties such as 

viscosity, flowability and pumpability. High quality distribution also affects water to 

cement ratio and thus thermal properties of grout mix. 

The integration of RHA considerably increases the viscosity of the grout composition, 

thus affects the flowability and pumpability of the grout in a negative manner. In order to 
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control these properties, additional superplasticizer is required to reformulate the grout 

and get similar workability compared to grout without RHA but this results in the increase 

in the total cost of operation [95]. Therefore, surface treatment of RHA is needed to 

overcome high-water demand and adjust the hydrophilicity. Herein, silane coupling 

agents are widely used as a surface treatment modifier since they are able to connect 

organic and inorganic compounds to each other by making bridges with their 

hydrolyzable and functional groups. Silane coupling agents are highly active chemicals 

especially under alkaline aqueous conditions which is general environment in 

cementitious material such as of concrete, mortar, and grout [97]. In one of the studies, 

Minet et al. intercalated organic groups in calcium silicate hydrates (C–S–H) layers by 

coprecipitation of organotrialkoxysilanes and tetra-ethoxysilane (TEOS) mixtures with 

CaCl2 in alkali media [98]. In another work, Franceschini et al. prepared covalently 

bonded polymer- C-S-H composite with the formation of covalent linkages between 

polymer and C–S–H phases by grafting trialkoxysilane and/or methyldialkoxysilane to 

the polymer chains [99]. To the best of our knowledge, there is no study to activate RHA 

surface by silanization. It is known that the adjustment of surface composition of RHA 

based additives used in the preparation of grout mixes can change the water demand and 

it is possible to attain high performance grouts. Furthermore, there is no detailed work for 

understanding the interfacial interactions of SiO2 particles inside RHA structure with the 

cement matrix since this type of resource is getting importance in terms of sustainability 

and circular economy.  

 

In our previous studies, thermal conductivity properties of cementitious grout were 

improved by the incorporation of graphene nanoplatelet/silica and expanded 

graphite/silica additives in which carbon materials were connected to silica in the 

presence of silane coupling agents [8, 9]. In the present study, a different understanding 

was provided by the utilization of SiO2 decorated carbon sheets that was directly obtained 

by the calcination of rice husk to be used as an additive in cement compositions, and 

surface silanization was applied and the surface of amino functional groups were attached 

on the surface of RHA to activate silica particles. The covalent attachment of RHA to 

inorganic C–S–H via APTES can enhance the stability of particles during grout mixing 

and thus prevent the aggregation by monitoring the rheological properties and fluidity of 

grouts [37, 100]. Comprehensive characterization was carried out to investigate the 

chemical composition and structural changes of these functionalized RHA samples. Then, 
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these developed additives were integrated into cement-bentonite based grouts with 

different loadings and the effect of amino surface functional groups and w/c on 

workability and the heat of hydration was studied systematically.  

 

4.2. Materials and Methods 

4.2.1. Materials 

Rice husk ash with the average particle size of 174 nm and bulk density of 0.1-0.3 g/cc 

in the form of black powder was collected from Valencia, Spain. 3-Aminopropyl 

triethoxysilane (APTES, 50825) was purchased by Momentive, Germany. Acetic acid 

(100% Anhydrous) was purchased from Isolab, Germany. For grout composites, Portland 

cement: CEM I 42.5 R was obtained from Cimsa, Turkey and as aggregates, two types of 

silica sands (B55 and B20) were selected based on the particle size distribution and 

purchased from Baskarp Co., Sweden. Superplasticizer was purchased from Sika, Turkey 

and bentonite was obtained from Canbensan Bentonite, Turkey.  

 

4.2.2. Functionalization of rice husk ash by silane coupling agent 

In order to tailor the surface composition of RHA, silanization was performed to increase 

the interactions between carbon additive and constituents in grout mixes. Surface 

functionalization with APTES at ratio of 1:1 was performed by dispersing 1g of RHA in 

50 ml distilled water via Handheld Ultrasonic Homogenizer from Hielscher Ultrasonics 

at room temperature. Then, 1 ml APTES as a silane coupling agent was added into the 

mixture to functionalize the surface of RHA. The pH level of solution was adjusted to 5.5 

by the addition of acetic acid. The solution was poured into the round bottom flask and 

refluxed overnight at 80°C. After 24 h, filtration was performed by washing with water 

twice and dried 24 h in oven.  

As shown in Figure 18, APTES as silane coupling agent possesses hydrolysis processes 

under alkaline condition and turns into “-OH” hydroxyl groups, which attach at the end 

and in the middle of calcium silicate hydrate (C–S–H) chains [98]. Remaining 

organofunctional NH2 group is then forms a covalent bond with the surface of RHA.  
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(a) 

 

(b) 

Figure 18. Schematic representations of (a) the hydrolysis of APTES and (b) the 

connection of APTES functionalized RHA to the chains of C–S–H via condensation 

reaction. 

 

4.2.3. Cementitious grout composition and mixing procedure 

The cementitious grout samples were prepared by mixing Portland cement, aggregate, 

superplasticizer, vegetal silica (RHA) or functionalized vegetal silica (f-RHA) and water. 

The ratio of cement: aggregate was selected as 1:2 by weight to weight and 1 wt% of 

superplasticizer was added into cement mixture. Then, RHA or f-RHA was added by 3 
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wt%, 5 wt% and 10 wt% into the mix. Table 14 summarizes composition of cementitious 

grout with neat RHA and f-RHA.  

Table 14. Composition of cement-bentonite based grouts with neat RHA and f-RHA. 

  Control  Neat RHA  f-RHA 

Sample Name  C0 RHA3 RHA5 RHA10 f-RHA3 f-RHA5 f-RHA10 

RHA (wt%)  0 3 5 10 3 5 10 

Cement (g) 930 930 930 930 930 930 930 

Silica Sand 1 (g) 

B20 

900 900 900 900 900 900 900 

Silica Sand 2 (g) 

B55 

900 900 900 900 900 900 900 

Bentonite (g) 10 10 10 10 10 10 10 

RHA (g) - 27.9 46.5 93 - - - 

f-RHA (g) - - - - 27.9 46.5 93 

Superplasticizer 

(g) 

18.6 18.6 18.6 18.6 18.6 18.6 18.6 

Water (g) 650 680 700 730 670 690 720 

 

The cementitious grout samples were mixed by high shear VMA mixer with 60 mm 

dispersion disk (Dissolver Dispermat® LC). For mixing, the dry constituents of the grout 

(cement, RHA or f-RHA and sands) were pre-blended in a bag for 1 min. The required 

quantity of water and superplasticizer (refer Table 13) were added into the mixing bowl 

and then pre-blended grout mixture was added in the mixing bowl. Initially, grout was 

mixed for 1 min at 2000 rpm then increased the mixing speed up to 6000 rpm and 

performed the mixing for 3 min at this stage. The resultant material was casted and cured 

at 100% relative humidity and 20 °C for 7 days until thermal conductivity testing. 

Furthermore, the other properties of grouts such as rheology, density of grout mixes were 

evaluated using marsh cone test, flow spread testing and mud balance testing, 

respectively. Further details regarding the preparation and testing for cementitious grout 

composites can be found in our previous studies [8, 9]. 

 

4.2.4. Characterization 
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Thermogravimetric analysis (TGA) was carried out on Mettler Toledo thermal analyzer 

(TGA/DSC 3+) over the temperature range of 25 °C to 1000 °C at a heating rate of 

10K/min under nitrogen. Raman spectra of neat and functionalized RHA samples were 

monitored using Renishaw inVia Raman Microscope to investigate the structural 

properties of carbonaceous materials in RHA. Chemical composition of the produced 

samples was investigated by X-ray Photoelectron Spectroscopy (XPS). Particle size 

measurement was performed by Anton Paar Litesizer 500. In order to determine the 

crystallinity of various RHA samples, X-ray diffraction (XRD) tests were carried out 

from 2θ= 5° to 80° by Bruker D2 PHASER Desktop with a CuKα radiation source. The 

morphology and composition of the samples were examined using a Leo Supra 35VP 

field emission scanning electron microscope (SEM) and JEOL JEM-ARM200CFEG 

UHR- transmission electron microscopy (TEM).  

 

Thermal conductivity performance of unmodified and modified RHA included 

cementitious grout composites were measured by using hot disk thermal constants 

analyzer, TPS 2500 S. Specimens with the diameter of 40 mm and the height of 20 mm 

were molded and cured at 100% relative humidity and 20 °C for evaluation of thermal 

conductivity. 

 

The heat flow and cumulative heat evolved due to the hydration of each sample were 

determined under isothermal conditions at 20 ± 1 °C  by an eight-channel conduction 

calorimeter (Tam Air TA Instruments, New Castle-USA) in accordance with SS-EN 196-

11 : 2019 [101]. Prior to mixing, all materials were maintained at 20 ± 1 °C for 24 h. The 

samples for RHA and f-RHA were prepared by adding 3 wt%, 5 wt% and 10 wt% RHA 

or f-RHA in the neat cement. The process of mixing was performed manually in a glass 

beaker, with the aid of a glass rod at 0.7 w/c. Ampoules were filled with 7 g of paste and 

they were instantaneously placed into the isothermal calorimeter channel for measuring 

the heat of hydration at the relative temperature. The entire process took less than 5 min 

and data were recorded for a total of 45 h. 

 

4.3. Results and Discussion 

4.3.1. Structural, thermal and morphological properties of neat and functionalized 

rice husk ash 
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In order to increase the quality and estimate the potential of RHA in the cement industry, 

comprehensive characterization analyses were conducted to understand the structural 

properties of RHA, and silanization was applied to change the surface composition of 

RHA and increase its interactions with the cement components. At the first stage, neat 

RHA was functionalized by APTES used as a silane coupling agent by following 

hydrolysis and condenstation reactions. In order to monitor the differences before and 

after silanization on the morphological properties of RHA, microscopic studies were 

performed. Figure 19 shows SEM images of neat and functionalized RHA samples at 

different magnifications. As seen in SEM images, both samples have porous structures 

and the presence of silica particles are seen clearly. After funtionalization, there was no 

significant change on the surface properties of RHA but more porous structure was 

detected in some regions. Therefore, TEM characterization was conducted for neat RHA 

to observe silica particle distribution and estimate the particle size. Figure 20 represents 

TEM images of neat RHA. The results indicated that silica particles with the average 

particle size of 4 nm were homogeneously placed on the surface of carbon sheets with the 

average length of 36 nm.  

  

(a) (b) 

  

(c) (d) 
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Figure 19. SEM images of (a) and (b) RHA, and (c) and (b) f-RHA at different 

magnifications. 

  

(a) (b) 

Figure 20. (a) and (b) TEM images of neat RHA. 

 

In order to identify the functional groups of RHA and functionalized RHA samples, XPS 

characterization was conducted and C1s, O1s, and N1s signals were measured and the 

related groups were defined regarding their binding energy of carbon atoms [102]. The 

XPS peaks of C1s, O1s, and N1s for neat RHA and f-RHA were provided in the XPS 

survey scan spectra, Figure 21. C1s spectra of RHA and f-RHA in Figure 21b shows a 

peak at around 284 eV that can be attributed to the C-C bond, while O1s spectra in Figure 

21c shows a peak at around 532 eV that can be allocated to the ethoxy group bond O-C 

[84]. In case of amine- functionalized RHA, both peaks show a slight decrease in the 

intensity. The C/O ratios of neat RHA and f-RHA were 0.80 and 0.67, respectively.  

Table 15 summarizes XPS results of neat and f-RHA samples. As seen in the table, 1.53 

at% of nitrogen was measured in f-RHA due to the attachment of amino groups from 

APTES. Also, oxygen content was increased from 25.48 at% to 30.44 at% after 

functionalization. There is a decrease in carbon content due to an increase in oxygen 

moiety. On the other hand, silicon amount increased from 5.88 at% to 8.15 at% and this 

increase in silicon amount was expected due to the attachement of silane groups during 

functionalization. Therefore, XPS analysis confirmed the successful incorporation of 

amino groups on the surface of RHA.  
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(a) 

 

 

 

 

(b) (c) 

Figure 21. (a) XPS survey scan spectra, (b) C1s spectra and (c) O1s spectra of RHA and 

f-RHA. 

Table 15. XPS results of RHA and f-RHA samples in terms of atomic percentages. 

Sample 

Name 

Carbon 

(at%) 

Oxygen 

(at%) 

Silicon 

(at%) 

Nitrogen 

(at%) 

Sulphur 

(at%) 

Others 

(at%)   

RHA 62.81 25.48 5.88 - 3.52 2.31 

f-RHA 57.46 30.44 8.15 1.53 2.42 - 
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In order to examine the structural changes in functionalized RHA, Raman spectroscopy 

was used to investigate the properties of carbonaceous structure in RHA and Raman 

spectra of the samples are given in Figure 22. There are two main peaks appeared at 

around 1343 cm-1 and 1586 cm-1 attributed to D and G peaks, respectively. D peak 

attributes the degree of defects in the structure while G peak indicates the vibrational 

mode of sp2 in carboneceous materials [8]. The structural changes were compared by 

taking into consideration the intensity ratios of the D and G bands (ID/IG). As shown in 

Table 16, ID/IG values of neat and f-RHA were calculated as 0.92 and 0.93, respectively. 

This change stems from an increase in surface amino functional groups due to chemical 

treatment and thus the successful functionalization is verified by structural 

characterization.  

 

Figure 22. Raman spectra of RHA and f-RHA. 

Table 16. Summary of Raman peak intensities and ID/IG ratios of RHA and f-RHA. 

 D intensity (a.u.) G intensity (a.u.) ID/IG 

RHA 5746.9 6233.9 0.92 



54 

 

f-RHA 13273.4 14206.3 0.93 

 

Figure 23 shows XRD patterns of RHA and functionalized RHA. Unmodified RHA 

shows high crystalline cristobalite (Cr) peak at 2θ=22° hkl (004) and 2θ= 36.3° hkl (040) 

and a small Quartz’s (Q) peak at 2θ= 21.1° hkl (220) [15]. Also, there is a broad peak 

between 2θ=20-30o overlapped with Cr peak indicating the presence of carbon and silica 

in the structure. After the modification by APTES, the peak at around 2θ= 28.62o 

belonging to Q was disappeared and the intensity of Cr peak increased in XRD pattern of 

f-RHA and thus crystallinity of RHA was slightly increased. 

 

Figure 23. XRD patterns of RHA and f-RHA (Cr and Q signs in the XRD spectra of 

RHA represent cristobalite and Quartz peaks respectively [103–105]). 

In addition, thermal degradation behaviors of neat and functionalized RHA samples were 

investigated by TGA. Figure 24 depicts neat RHA and f-RHA samples. Neat RHA 

showed higher thermal stability until 1000 °C and there was only 4.58% weight loss in 

the structure. After functionalization, the weight loss is around 3.73%. There is a slight 

difference in the degradation curves of neat and functionalized RHA samples. To 

conclude, the surface of RHA was treated by silane-based agents successfully and the 
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presence of functional groups were confirmed by spectroscopic and gravimetric 

techniques.  

 

Figure 24. TGA curves of neat RHA and f-RHA samples 

4.3.2. The characteristic properties of grout mixtures 

After the preparation of f-RHA samples, grouts having neat RHA and f-RHA were 

produced at the loadings of 3 wt%, 5 wt% and 10 wt%. Marsh cone flow time, mini slump 

flow diameter, density, bleeding of grout samples and their thermal conductivity results 

are shown in Table 17. The properties of grouts were characterized by comparing 

workability, thermal conductivity and heat of hydration results.  
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Table 17. Benchmark and experimental properties of grouts containing RHA and f-RHA. 

 
Benchmark Control  Neat RHA  f-RHA 

Sample Name   C0 RHA3 RHA5 RHA10 f-RHA3 f-RHA5 f-RHA10 

Vegetal silica 

(wt%) 

 0 3 5 10 3 5 10 

Water to cement 

ratio 

 
0.70 0.73 0.75 0.78 0.72 0.74 0.77 

Marsh cone time 

(sec) 
100-120 98 83 83 96 113 99 106 

Flow spread 

(cm) 23-28 cm 
24 26 28 27 25 25 25 

Bleeding (%) <2% 0.5 0.6 0.6 0.6 0.3 0.3 0.2 

Density (g/cc) >1.3 2.10 2.09 2.07 2.05 2.11 2.08 2.04 

Thermal 

conductivity 

(W/mK) 

 1.80 1.85 1.88 1.52 1.78 1.75 1.55 
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4.3.3. The workability properties of grout mixtures 

The workability properties such as marsh cone time and flow were maintained in the 

benchmark range by adjusting water to cement ratio. It was found that f-RHA grout 

samples require less water to achieve similar workability of RHA grout samples. This 

comes from the functionalization with APTES leading to the  enhancement of the 

wettability of RHA by water and thus an increase in the workability of the grout [106].   

Deformability and fluidity (workability properties) of the grout mixtures are examined 

and Figure 25a and 25b represents the curves of Mini slum flow and marsh cone flow as 

a function of RHA amount. According to Figure 25a, for moderate addition of RHA (3 

wt% and 5 wt%), slump flow was increased with the amount of RHA in the grout. 

However, slump flow was reduced at 10 wt% RHA addition. On the other hand, for f-

RHA, slump flow was stayed constant at all the dosages. Similar behavior was monitored 

in the marsh cone testing. As shown in Figure 25b, for moderate addition of RHA, marsh 

cone flow time was reduced and at the addition of 10 wt% RHA, marsh cone time was 

increased. Moreover, at the lower additions (3 wt% and 5 wt%), marsh cone time for 

RHA grout is lower when compared to f-RHA grout samples but at higher additions (10 

wt%), both samples showed rise the marsh cone time. These results showed that at the 

addition of 10 wt%, both RHA and f-RHA have impacted on the viscosity and yield point 

of the grout in a similar magnitude. Including high percentage of RHA or f-RHA have 

reduced the fluidity of grout samples due to high water absorption capacity of RHA and 

f-RHA compared to Portland cement. Voids and channels in amorphous structure of RHA 

can cause more water uptake [107]. In addition, the density and total weight of 

cementitious materials were kept constant, and then the volume of the grout mixture was 

increased by the incorporation of RHA. An increase in volume of paste leads to an 

increase in plasticity and cohesiveness of grout mix that reduces overall fluidity of grout 

mix [108]. Therefore, high water to cement ratio was required to optimize the grout 

workability in the acceptable range.  

The density values of each grout sample at different additions for RHA and f-RHA are 

given in Table 17. The density of grout samples was slightly decreased as RHA or f-RHA 

content increased in the grout mix. Both RHA and f-RHA have no significant effect on 

the wet density of cementitious grout. Finally, the dimensional stability of grout mixes is 

described by bleeding test, in which shrinkage of grout after 24 h is evaluated. It was 

found that all samples showed negligible shrinkage according to the defined technical 
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specs provided in benchmarking study (< 2%). Furthermore, f-RHA grout showed less 

shrinkage in comparison of RHA grout samples, which can be attributed to high water 

retention capacity of f-RHA due to the presence of amino-silane functional groups [106].  

  

 

 

(a) 
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(b) 

  

Figure 25. (a) Mini slum flow vs RHA and f-RHA amounts with respect to cement curves, 

and (b) Marsh cone flow time vs RHA and f-RHA amounts with respect to cement curves. 

 

4.3.4. Thermal conductivity of rice husk ash-based grouts  

The thermal conductivity results of grout composites having RHA and f-RHA with three 

different loadings are presented in Figure 26. The thermal conductivity of reference grout 

was measured as 1.80 W/mK. After the integration of 3 wt% and 5 wt% RHA, there was 

a slight increase in thermal conductivity. However, as RHA amount reached to 10 wt%, 

thermal conductivity has started to decrease. This showed that 5% is the optimum loading 

of RHA to achieve maximum thermal conductivity of the grout. On the other hand, there 

is a decrease trend in thermal conductivity of grouts having f-RHA. At the loading of 10 

wt% f-RHA, a sharp loss in thermal conductivity was detected which was consistent with 

10 wt% RHA based grout. This also supports that there is a direct relation between 

thermal conductivity and the amount of water uptake in the grout [8, 9]. Furthermore, f-

RHA becomes more hydrophilic after the functionalization by APTES and retains more 

water during the hydration of grout. In other words, since available water content has 
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adverse effect on the thermal conductivity, the integration of RHA, which has tendency 

to retain the water in the grout, leads to lower thermal conductivity [109]. In case of neat 

RHA, extra water was required during grout mixing which was retain during hydration 

of grout. Furthermore, the thermal conductivity can be reduced due to accessible 

porosities and lower density microstructure of grout caused by the addition of RHA or f-

RHA [110]. Consequently, both neat RHA and f-RHA do not cause significant 

improvement in thermal conductivity of bentonite-cement based grouts but change the 

viscosity profiles of grouts due to the differences in water uptake.  

 

Figure 26. Thermal conductivity of grout containing RHA and f-RHA samples at different 

loadings. 

4.3.5. The effects of RHA on heat of hydration  

When water is mixed with the constituents of grouts, an exothermic reaction occurs 

between cement and water and thus resulting in heat release [111]. The reaction proceeds 

in the different phases and depends on the cement type, composition, w/c and additives, 

the magnitude of heat release varies as a function of time. Measurement of the rate of heat 

evolution provides understanding on the rate of hydration of grout in the presence of RHA 

and f-RHA. Hydration heat release of each grout sample was estimated by using an 
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isothermal conduction calorimeter. To examine the effect of only RHA and f-RHA, other 

workability enhancing additives (superplasticizer and bentonite) were excluded from 

grout mix, and w/c = 0.7 was considered as an adjustable parameter. When water is mixed 

with the constituents of grouts, an exothermic reaction occurs that causes heat release 

[110]. In the beginning of the reaction, the rate of heat release can be as much as higher 

and then start to decrease in a gradual manner. Figure 27 and Figure 28 represent the heat 

flow and cumulative heat release of paste containing cement with RHA and f-RHA, 

respectively. In the heat flow curves (Figure 27a and Figure 28a), enlarged plots were 

displayed in the first 6 h of hydration in detail. The heat flow and heat for all the samples 

were normalized by using weight of cement. In heat flow curves, the first heat flow peak 

(Peak 1) is due to cement wetting (which was out of the scale in the graph), shows an 

induction period of low heat flow and an acceleration period and then the second peak 

called Peak 2 associates with the hydration of Ca3SiO5 (C3S) [33]. In addition, the weak 

shoulder of Peak 2 is directly related to sulfate depletion and the reaction of Ca3Al2O6 

(C3A) for the formation of ettringite due to the nucleation  [112, 113]. 

Figure 27a indicates the heat flow evaluation of paste containing 3 wt%, 5 wt% and 10 

wt% RHA compared to reference (0 wt% RHA). The calorimetric results indicated that 

the use of RHA in cement increase the kinetics of hydration compare to reference paste. 

In addition, the kinetic of hydration was enhanced by increase RHA content. Moreover, 

the heat flow peak values for the samples having 3 wt%, 5 wt% and 10 wt% were 3.71 

mW/g, 3.87 mW/g, and 4.18 mW/g, respectively. Herein, the porous structure of RHA 

leads to the absorption of more water during the grout mixing [114]. The absorbed water 

in RHA have reduced the degree of hydration of the cement at an early stage since amount 

of available water is less to react with the cement particles resulting in the prolong 

induction period as shown in Figure 27a. However, the absorbed water in the RHA 

structure can act as an additional water reservoir during the hydration process. As the 

hydration proceeded, initially captured water in cement hydration reaction reduced 

stoichiometric amount of water in order to keep the rate of hydration constant, and thus 

the water captured in the pores of RHA was released. This additional water can accelerate 

the hydration of cement at later stages [115]. Similarly, as shown in Figure 27b, 

cumulative heat released during the hydration process is enhanced by the addition of RHA 

and this trend is similar to the heat flow analysis in Figure 27a. 
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Figure 27. Hydration heat curves of RHA based grouts: (a) heat flow and (b) cumulative 

heat release. 

Figure 28a showed the heat flow evaluation of paste containing 3 wt%, 5 wt% and 10 

wt% f-RHA compared to reference (0 wt% RHA). After APTES functionalization, the 

heat flow values for the grouts containing 3 wt%, 5 wt% and 10 wt% were measured as 

3.29 mW/g, 3.25 mW/g, and 3.16 mW/g, respectively. The addition of f-RHA in paste 

was altered the hydration curve significantly, extended the induction period and reduced 

the magnitude of the second peak. The incorporation of 3 wt% and 5 wt% f-RHA 

increased 15- and 30-min induction period, whereas 10 wt% f-RHA increased the 

induction period by 60 min in comparison to reference. Furthermore, the heat generation 

in the paste was significantly reduced by addition of f-RHA (Figure 28b). The prolong 

induction period and reduction in heat flow can be attributed to the influence of chemical 

nature of functional groups in f-RHA. The retarding effect of f-RHA may be caused by 

silane based functional groups.  The silane has tendency to adsorb and react on the surface 

of the cement hydration products which hinders the cement hydration reaction. As f-RHA 

dosage increases, APTES in f-RHA may further intensify the adsorption and result in the 

retardation and reduction in the heat flow [97]. 
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(b) 

Figure 28. Hydration heat curves of f-RHA based grouts: (a) heat flow and (b) 

cumulative heat release. 

4.4. Conclusion 

In the present study, a different approach was brought about the utilization of biomass of 

rice husk and its conversion into an additive in cement composites to monitor the changes 

in thermal conductivity and grout properties. Therefore, a detailed characterization was 

carried out to understand the physical, chemical, thermal and morphological 

characteristics of RHA by using spectroscopic and microscopic techniques. In order to 

increase the interfacial interactions of RHA with the constituents of cement such as 

bentonite, silica sand and superplasticizers, APTES functionalization was applied to the 

surface of RHA by hydrolysis process to form covalent bonds by taking into consideration 

our previous studies conducted by using expanded graphite and graphene nanoplatelet. 

The surface chemical composites confirmed an increase in nitrogen content meaning the 

attachment of amino functional groups. Then, grout formulation was developed 

successfully by getting an ideal water to cement ratio and RHA based additive amount. 

Benchmarking studies and experimental properties of grouts containing RHA and f-RHA 
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showed that there was a slight increase in thermal conductivity of RHA based grout up to 

5 wt% loading, and then at higher additive loadings, thermal conductivity was decreased. 

According to workability analysis, f-RHA grout samples got less water to obtain similar 

workability of RHA based grout since the functionalization with APTES leading to the 

enhancement of the wettability of RHA by water increased the workability of the grout. 

In addition, APTES functionalized RHA showed the tendency to adsorb and react with 

the surfaces of cement components and thus resulting in inhibiting the cement hydration 

reaction and increasing the induction time regarding the calorimetry analysis.  

This study indicated that surface treatment by APTES as a silane coupling agent can 

easily activate RHA, and as the hydrophilicity of the additive surface affects the viscosity 

of grout directly by altering marsh cone time. Also, the thermal conductivity of grouts 

has started to decrease slightly by increasing additive amount of both RHA and 

functionalized RHA due to an increase in water uptake. To conclude, this study shows 

the potential of RHA as an additive which is a highly desirable and cheap source for 

cements owing to its high concentration of pure amorphous silica and the presence of 

nanometer sized carbon sheets. 
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CHAPTER 5: CONCLUSION 

 

Among renewable energy types, geothermal energy, which uses the heat energy reserved 

at the shallow of Earth’s surface, provides green, low‐combustion energy with abundant 

reserves. Thus, SGES has attracted enormous research interest owing to its several 

advantages such as reducing CO2 emission, being weather independent despite of other 

renewable energy technologies and availability in most of fields. Basically, once the 

ground is buried up to a certain length, a borehole is placed in the ground. As a following 

step, a pair of tubes are placed into the borehole. Next, the gap between the borehole and 

pipes are filled with the grout which is responsible of ensuring the stability and providing 

heat transfer between pipes and ground. As the thermal conductivity of the grout used in 

SGES is enhanced, the system loses less heat during transfer of heat, thus the efficiency 

of overall system would be much higher. 

 

To increase the thermal conductivity of cement, CBMs can be introduced into the 

cementitious grouts, however the added CBMs may agglomerate and since they are not 

dispersing homogeneously through the matrix, desired properties such as thermal 

conductivity or workability may not be achieved. In other words, the main problem 

behind this is the less functional groups on the surface of CBMs and high water demand 

of grout composites may lead to agglomeration, low dispersion in grout formulation and 

low thermal conductivity in grouts, respectively. Therefore, a new methodology should 

be developed to overcome the problem of aggregation, cost and environmental impact. 

The performance of grout can be enhanced by controlling the grout chemistry and water 

demand by developing new formulation and modification of carbon surface with silane 

functionalized silica particles. Within this perspectives, three different hybrid additives 

were synthesized for cement-based composites in which CBMs were utilized as additives. 

In the hybrid additive synthesis, APTES as silane coupling agent was used as an interface 

modifier between CBMs and silica particles. By linking silica particles to the surface of 

CBMs with the help of APTES, the dispersion of new hybrid additive become much better 

since silica particles are compatible with the chemistry of cement. 
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This study consists of four major sections and the findings for each chapter can be 

summarized as follows:  

1.  Facile synthesis of graphene from waste tire/silica hybrid additives and optimization 

study for the fabrication of thermally enhanced cement grouts. 

In this part of study, modification of APTES functionalized silica on the surface of near 

prime graphene nanoplatelet recycled with the pyrolysis of waste tire has been performed 

since GNP has extraordinary properties such as high thermal and electrical properties and 

it reduces the cost due to being a recycled material. As a first step, the functionalization 

of silica particles with APTES were optimized to fabricate an ideal bridge structure with 

the CBMs. After optimizing the silica to APTES ratio as 1:2, GNP- based hybrid additives 

were produced in two different ratios which are 1:5 and 1:10 weight ratio of 

functionalized silica to GNP. The structural formation of hybrid additive was confirmed 

by characterization techniques such as TEM images showing the attachment of silica 

nanoparticles on GNP sheets and XPS analysis showing the presence of nitrogen in the 

atomic percentage of  1 and 1.15 in the chemical composition of H-GNP-1 and H-GNP-

2 respectively. The thermal conductivity effect of the integration of two GNP- based 

hybrid additives into cementitious grout composite showed that, as the amount of hybrid 

additive increases, the water demand increases as well which leads to decrease in thermal 

conductivity. Addition of 1 wt% H-GNP-1 in the reference grout and keeping the water 

content unchanged, thermal conductivity increased to 2.427 W/mK from 2.373 w/mK. 

However, adding 3 wt% and 5 wt% of H-GNP-1 increased the water demand of grout 

composition and higher water content decreased the thermal conductivity value. On the 

other hand, increasing the ratio of GNP in hybrid additive from 5 to 10 led to an increase 

in thermal conductivity by 29% by keeping the GNP loading ratio of 5 wt%. 

 

2. Synergistic Effect of Expanded Graphite-Silane Functionalized Silica as a Hybrid 

Additive in Improving Thermal Conductivity of Cementitious Grouts with Controllable 

Water Uptake. 

 

In this section, EG- based hybrid additives were produced in two different ratios which 

are 1:1 and 1:5 weight ratio of functionalized silica to EG. Higher atomic percentage of 

carbon was found in the XPS result of 2nd hybrid additive since it has more carbon content 

and less silica content in the structure. When the effect of incorporation of EG-based 

hybrid additives in cementitious grouts was investigated, the thermal conductivity 
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outcomes are similar to the ones observed within GNP-based hybrid additives. With the 

addition of 3 wt% of 1st hybrid additive with respect to cement, the thermal conductivity 

decreased to 2.175 W/mK from 2.373 W/mK with respect increasing water demand to 

750 from 650 when it was compared to reference cement grout. However, with keeping 

the ratio of EG-based hybrid additive addition stable and decreasing the water amount, 

increasement in thermal conductivity was observed to 2.429 W/mK from 2.175 W/mK. 

Highest thermal conductivity which was 2.656 W/mK, was observed with the addition of 

5 wt% of 2nd hybrid additive having high content of EG.   

 

3. Controlling the surface chemistry of SiO2 decorated carbon nanosheets from waste rice 

husk ash by silanization and its effect on heat flow and hydration of cement-bentonite 

based grouts. 

 

In this part of the study, RHA, which is also a recycled material produced by the 

calcination of rice husk, was functionalized with APTES at ratio of 1:1 for enhancing the 

interfacial bonding between RHA and cementitious grout. Several analyses such as  

marsh cone flow time, mini slump flow diameter, density, bleeding,  thermal conductivity 

and heat of hydration have been conducted to examine the influence of RHA on the 

properties of grout composite. While all of the properties were within the desired limits, 

similar behavior of high water content in low thermal conductivity was also observed in 

the analyses of RHA and f-RHA introduced cementitious grout samples. The 

cementitious samples having 3 wt%, 5 wt% and 10 wt% of RHA showed 3.71 mW/g, 

3.87 mW/g, and 4.18 mW/g of heat flow peak values, respectively. The reason behind 

this is the porosity in the structure of RHA which causing the absorption of water during 

hydration. While absorbed water reduces the degree of hydration at early stages, the water 

absorbed in the pores diffuses out as the water outside is consumed during the process. 

This water, which is included in the system later, can accelerate the hydration of cement 

at later stages. On the other hand, retardation and reduction in heat flow have been 

observed with the addition of higher f-RHA which may attributed to the presence of 

APTES in f-RHA.  

 

Regarding the laboratory-scale studies, borehole heat exchanger installation of the 

developed grout has been conducted by using EG as an additive in the grout mixture that 

was tested in Zwenkau, Germany in pilot scale. The highest thermal conductivity was 
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achieved by the addition of EG which was about 2.67 w/mK. The values of grout 

composition were reported as in the range applicable for grouting in Germany and the 

mixing procedures were nearly similar to the mixing in laboratory, which has been proven 

that the conducted experiments in laboratory can be applied in field studies as well. Pilot 

tests was successfully carried out and good performance was obtained with EG based 

grout compared to conventional grouts. Consequently, thermally conductive cementitious 

grout composites by the integration of CBMs as additive will bring new direction in the SGES 

applications to develop and construct more reliable and efficient systems.  
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