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Abstract

This study presents the development of a nano-cecaemposite with graphene oxide (GO) carbon-
based nanomaterials synthesized from a high-pepityenetic graphite deposit. Diamond drill
sampled graphite mineralization was upgraded thrdogneficiation and purification to recover a
high-purity graphite product (99.9% graphitic carti€g”). An alternate and improved chemical
oxidation process based on the Modified Hummer$atktvas adopted for the synthesis of GO from
high-purity graphite. Microstructural analysis weerformed to characterize GO. The GO consists of
—OH, -C=0, -COOH, and C-O-C functional groups véttayer thickness of 1.2 nm, 2 to 3 layers of
graphene, an interlayer distance of 0.89 nm andradR (/1) ratio of 0.79. The effect of 0.02, 0.04,
and 0.06 wt.% GO of cement on the composite wolikgbnydration, microstructure, mechanical

and transport properties was determined. Incredlmgoncentration of GO in the composite
decreased the workability due to the hydrophilitureof the 2D planar surface. The rate of hydmatio
accelerated and the cumulative hydration heat ase@ with the increasing proportions of GO in the
composite. GO dosages about 0.02 and 0.04 wt.%roént in the composites resulted the maximum
enhancement of compressive and flexural streng@®8nd 26%, respectively, compared to the
control mix (0 wt.% GO). The microstructural invgstion shows that GO enhanced the hydration of
calcium hydroxide (CH) and calcium silicate hydré@eS-H) during the nucleation and growth
stages, filled pores, bridged micro-cracks andteckmterlocking between the cement hydration
products. Collectively, these effects ultimatelyphoved the mechanical properties of the composites.
Also, in this process, the 0.02 and 0.04 wt.% GRea& composite increased the electrical resistivity
by 11.5%, and decreased the sorptivity by 29% eetsgely, both of which improved the overall

performance of the composite.

Keywords: high-purity graphite, carbon-based nanomateriabpliene oxide (GO), functional

groups, micro-crack bridging.

1. Introduction
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Reinforcement in cement-based materials can impitow@hysical properties and toughens the
matrix. Graphene materials produced from graphaejely, graphene oxide (GO) is a carbon-based
nanomaterial, which is highly dispersible in watad poses useful physicochemical and mechanical
properties. This nanomaterial has opened a nevpecdb$o modify and reinforce cement-based

composite materials at the micro-molecular level.

Graphite is a naturally occurring crystalline foofncarbon typically found in platelet-shaped and
needle forms within mineral deposits. Graphite d#tpare generally formed by three different

processes [1]:

i. Contact metamorphism of coal deposits: Grapite this type of deposit is characterized by

incomplete structural ordering and crystallizatimsulting in low value “amorphous” graphite.

ii. Syngenetic flake graphite deposits: The formaf these deposits involves the alteration of
carbonaceous organic matter to graphite duringoregimetamorphism. Regional metamorphism
occurs when the mineralogy and texture of rockschesmged over a wide area due to deep burial

(pressure) and heating associated with the largke-$orces of plate tectonics.

iii. Epigenetic graphite deposits: The formatiorttedse deposits is associated with migrating
supercritical carbon-bearing (C-O-H) fluids or @leiich magmas. The formation of the carbon-
bearing fluids is most often a consequence of teghperature (granulite facies) metamorphism, but
magmatic degassing can also produce graphite. ptepitated graphite is well-ordered and can be
a source of highly valued crystalline lump or viipe (hydrothermal) graphite. This is the rarepety

of graphite mineral deposit.

Graphene is a carbon-based nanomaterial wd¥ends hexagonally connect each carbon atom to its
three neighbors with §fybridisation formed in a one atomic thick 2D miayer carbon sheet.

There are different forms of graphene materiald,tae difference lies in the number of layers [2d a
functional groups on its edges and surfaces [3jréphite, graphene staking could be present in
rhombohedral (ABCABCABC...) and hexagonal (ABABAB..taking forms. Epigenetic graphite
deposits exhibit highly crystalline and possessniohedral staking, which would be beneficial for
the fabrication of desirable graphene derivati@Gsphene oxide (GO) is a graphene derivative which
has various oxygen-containing functional groupsintgdnydroxyls (-OH) and epoxides (C-O-C) on
their basal planes and carboxyls (-COOH) on thegd,5]. GO was also reported to contain
carbonyl groups (-C=0) [6]. These functional groomeke GO amorphous, yet highly dispersible in
water. The oxygen-containing functional groups @ fEas different binding energy with other atoms
and molecules [4,5,7]. For example, the interacsiffimity of GO functional groups increased in

order of GO(-OH) < GO(-COOH) [7]. GO is stable muaous solutions. However, the size diameter

was reported to increase from 240 nm to 6700 nnthi®ipH to decrease from 3.0 to 1.0 in an aqueous
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solution [4]. The increase in GO diameter in aneamys solution of a pH below 3.0 is due to the
protonation of carboxyl groups at the edges ofGReplane [4]. The functional groups of GO can be
reduced to produce reduced graphene oxide (rGAO¢hwias good adsorption of aromatic
compounds [8,9]. GO is synthesized from graphite, the most convenient method to produce bulk
guantities of GO is by the chemical oxidation arfibkation of graphite [3,10]. The unique
physicochemical properties and water dispersibdft¢sO produced from epigenetic graphite type ore
could be suitable for incorporation in the cemestdrl composite to uniformly modify the matrix at

the micro-nano level.

Studies in the last five years suggest that GGrognove the mechanical properties of nano-cement
composites and densifies the matrix [11-21]. GQuarfces the cement hydration and modifies the
pore distribution in the matrix [11-15,20]. The yiag plane areas of GO (1-200 f)rwas reported

to decrease large pores (>1 um diameter), deccagdéary pores (0.1-1 pm diameter) and increase
small pores (1-45 nm diameter) in the composité. Ra@res smaller than 10 nm in diameter are
primarily gel pores contained within the C-S-H débkhtar et al. [16] investigated GO with a layer
thickness less than 100 nm and a size of 1-2 pimmiihe range of 0.01 to 0.05 wt.% of cement in
the paste composite. They reported that 0.02 &@8Ivt.% GO of cement in the composites improves
tensile strength and compressive strength by 131af@ respectively, compared to the plain cement
mix (100% cement). A GO with a C/O ratio of 1.38®and specimens with 0.08 wt.% GO of
cement in the composite results maximum increaseeotompressive strength by 46.8%, compared
to the plain cement paste [17]. However, in theesatudy [17], specimens with GO 0.04 wt.% of
cement in the composite results maximum increaseeofiexural strength by 14.2%, compared to the
plain cement paste. Recently, the use of GO aterdretions of 0.04 and 1.0 wt.% of cement in the
composite is also reported to increased compressigagth by 25% and 47%, and flexural strength
by 20% and 44%, respectively, compared to plainesgrpaste [21]. Although limited studies have
investigated the influence of GO on the transpavpprties of the GO cement composites, reports
indicate an increase in early age (24 h) electriesiktivity [17], and a decrease in chloride

permeability in 28 days samples [18].

Studies on the GO cement composites typically tegpoeither GO or graphite for GO synthesis from
commercial sources [11,12,14-21] with limited orimi@rmation on the purity and grade of graphite.
The purity of graphite used for GO synthesis andiffeation of the synthesis process can influence
the characteristics of the GO and the correspon@i@gement composite. For example, Mokhtar et
al. [16] and Qiu et al. [19] studied a similar G@sdge (0.02 wt.% of cement) and water to cement
ratio (0.30) of the cement-based composite andrreghaonsiderably different performance. Graphite
used in each of the studies was from different cenaial sources which may have impacted the

characteristics of the synthesised GO and the gporeding composites [16,19].
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The objectives of this study are two-fold:

() To develop GO nanomaterials from a high-pugtgphite (99.9% Cqg) collected from an epigenetic
graphite deposit with the improved synthesis methadd

(ii) To determine the impact of varying concentas of GO on the plastic and hardened properties

of the cement-based composite.
2. Materialsand Method

2.1 Materials

General useGU) cement supplied by CRH Mississauga (Ontario, @anaas used in this study.
The chemical composition of GU cement is shown abl& 1. High-purity graphite (99.9% Cg) was
supplied by Zenyatta Ventures Ltd. after purifioatifrom their Albany graphite deposit which is
located in northeastern Ontario (Canada) (Fig.ZeEnyatta’'s Albany graphite deposit is a unique
example of an epigenetic graphite deposit, in whidarge volume of highly crystalline and fluid-
deposited graphite exists within an igneous hobe @eposit is interpreted as a vent pipe breccia
(fragmented rock) that formed from @@ch fluids that evolved due to the pressure-eelategassing

of the intrusive rocks of the host alkalic comp[@&]. The Albany graphite deposit is hosted in two
large conical (carrot-shaped) breccia pipes (Fdy.ahd is the largest and only igneous-hostedjflui
derived graphite deposit of its kind in the worlthese are thought to be created from a focused
explosive volcanic event which broke up the roclkthiw the pipes, to form breccias, which have a
graphite-rich matrix. The unusual deposit genesants for the graphite’s favorable crystallinity
and fine particle size. The average graphite graflehe in-situ, in the ground, deposit is
approximately 4% Cg (graphitic carbon, i.e. totibon in graphite form) due to the abundant siicat
gangue minerals. According to Conley and Moore ,[2B¢ Albany graphite crystals and crystal
aggregates are up to 30t long and 5@m wide; however, the average size of individuaktais is
typically <100um. The unclassified high purity concentrate ha$@ Bf 20 to 25um. The D50 is the

diameter of the particle the sample mass has 508earparticles and 50% larger of the total sample.

Table 1. The chemical composition (%) of GU cement.

SiO, Al,O0; FeO; CaO MgO S@ Total Free Losson
Alkali  Lime ignition

19.3 5.50 2.70 61.20 260 4.00 0.92 0.60 2.50
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Fig. 1. Igneous-hosted, fluid-derived epigenetic graphiteeralization in the Albany deposit, (a)

typical drill core, and (b) graphitic breccia 3Cewi of wireframe model [23].

GO from graphite was synthesized using the follgaéhemicals: sulfuric acid (98%, Sigma Aldrich),
phosphoric acid (85%, Fisher), hydrochloric acifiy@ Sigma Aldrich), hydrogen peroxide (30%,
Sigma Aldrich), ethanol (Green Field Inc.) and kijg¢tether (BDH chemicals). Water was purified
using Nanopure® diamofd UV water purification system, and used for aquesnistion

preparation and washing.

Table 2 shows the mix proportions of the GO cemsentposites. To prepare the composite, GO was
first dispersed in water following three stepsGip powder was mixed with deionized water for 3 hr
at 1000 rpm, ii) the mixture was sonicated for 2amd iii) the GO solution was further stirred fohr
and sonicated for 1 hr prior to casting of the cosijg. The GO cement composite was mixed
following ASTM C1738 [24] protocol.

Table 2. Mix composition of GO cement composites.

Water content (mL)

Mix GO (wt.% of Cement GO Distilled Water with Total
cement) (9) (9) water 5mg/mL GO water
Control 0.00 3000 0.0 1350 0 1350
0.02% GO 0.02 3000 0.6 1200 150 1350
0.04% GO 0.04 3000 1.2 1050 300 1350
0.06% GO 0.06 3000 1.8 900 450 1350
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2.2 Methods

2.2.1 Production of graphite from mineralization

Graphite was synthesis by the Grind, Float & CauBaking (NaOH) process as described by RPA
Inc. [23]. In brief, the graphite mineralizationt®@ 5% Cgcollected by diamond drill was upgraded
through beneficiation (crushing, grinding and ftaia) to over 70% passing the 2 mm sieve, and a
1000 g split of the crushed material is pulverisedver 85% passing 75 microns sieve. Then through
purification (caustic (NaOH) leaching and bakingjldmsulphuric acid leach, and impurity
precipitation), a high-purity graphite (99.9% Casyroduced. This process is more environmentally

friendly compared to other typical aggressive arid thermal treatment based processes.
2.2.2 Synthesis of graphene oxide

The Modified Hummers method was adopted for theétmsis of GO with some alterations [25,26] .
Briefly, 2.0 g of Albany high-purity graphite powdeas added into a mixture of 180 mL$0, and

20 mL HPQ,, and this reaction mixture was vigorously stire¢®0 °C for 2 h. Then 9.0 g of KMnO
was added, and the mixture was stirred for 1550&IC. The mixture was subsequently transferred
into a 200 mL ice containing reaction containetwili® mL HO,. The solid GO mixture was then
isolated by centrifugation. Afterwards, the soli® @&ixture was thoroughly rinsed with pure water,
HCI (30 wt.%), and ethanol, and then soaked irhgletther. Finally, the resulting GO was dried for
16 hr at 50 °C. The layer numbers of GO was cdetidb single or few layers by the duration of the
oxidation process and the ratio of graphite andanxis (KMnQ and HSQ,) used in the synthesis.

2.2.3 Characterisation of graphite and graphene oxide

A field-emission scanning electron microscope (SEMjachi SU-70) equipped with Energy
Dispersive X-ray analysis (EDX) was used to chamst the morphology and surface composition of
the graphite and the synthesized GO. A Pananalyjoert Pro Diffractometer with Ni-filtered
monochromatic Cu Kr (1.5406 A, 2.2 KW Max) was eaygld for the X-ray diffraction (XRD)
analysis. To quantify the defect density of thetlsgrized samples, micro-Raman analysis was
performed using a 514-nm laser excitation. An Agiletomic force microscope (AFM) was

employed to analyse and measure the thicknese @@ sheets.
2.2.4 Testing procedurefor the cement paste composite

The workability of the composites was assesseditfira mini-slump test with a mini cone having
top diameter 19 mm, bottom diameter 38 mm, andghhef 57 mm. The static and dynamic flow
diameters were measured according to [27] and AETMI37-07 [28], respectively. However, during

the dynamic flow test, the table was raised angjuked 15 times instead of 25 times (where the latter
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is according to the standard) to avoid the pagteashbover the diameter of the table (25 cm.). The
purpose of mini-slump testing was to study theuiafice of GO on the workability of the paste

composite.

The early age hydration kinetics of the composéist@ was measured using a thermometric TAM air
calorimeter. The calorimeter began to record helabse data after the cement was in contact with
water or GO solution for 51 min. The heat reledsenh the hydration was monitored every 60 s for

72 h and the measured data was normalized by thelsanass.

To examine the influence of GO on the mechanicap@rties of the composite, compressive strength
and flexural strength were measured on 28 daysleanithe compressive strength test was
performed on 50 mm cubes according to ASTM C109 (8thg a Forney 440 kN compression
testing machine at a loading rate of 2.4 kN/s. fldraural strength test was performed on prisms
(25x25x100 mm) by the three-point bending testam@utograph AG-1, Shimadzu 50 kN testing
machine following ASTM C348 [30].

The microstructure of the composite samples walyse by thermogravimetric analysis (TGA),
XRD, and SEM. TGA was conducted on samples at dayahd 28 using a Netzsch thermische
analyse STA 409 cell. The test was commenced at temperature (25 +°C) and increased to
1000°C over 102 minutes. The XRD patterns of the sampkse measured using a Philips PW 3710
x-ray diffractometer at day 1, 7 and 28. Scannanged between 5-70f 20 at a rate of 1.25 s/step
and a scanning resolution of 0.U&ep. The SEM imaging was performed on fragmehssaimples
collected from the central parts of prisms that baen cured for 28 days, using a JEOL JSM-6610LV
SEM machine. To make the samples conductive, ddkigr of gold was deposited onto the samples

by a sputter deposition coating process.

Electrical resistivity and water sorptivity testeng performed to analyse the transport properfies o
the composites to provide an indication of durabjlierformance. The electrical resistivity was
measured on 50 mm cubes according to the uniaxiaktectrode method described in [31,32] using
a GIATEC Scientific RCON concrete resistivity meterm 1 day to 28 days. A liquid capillary
sorptivity test was performed on 50 mm cubes follhgythe detailed procedure described in [33]. The

sorptivity coefficient was measured using followigguation 1:

whereM,, is the water suction quantity per unit area 8iglthe sorptivity coefficient of the cube
samples, and the square root of timEube samples for the sorptivity test were cofldafter 28
days of curing in water, then the surface wateahefsamples was wiped with towels and the samples

were placed in a vacuum dry desiccator with sidjeh at a temperature of 23%T for 4 days. The
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mass changes were within 0.1% in a 24 h periodvdet third and fourth days) drying prior the

sorptivity test.
3. Results and discussion
3.1 Characterisation of graphite and graphene oxide

Fig. 2a shows the morphology of graphite partiglék a layered structure. The epigenetic graphite
was treated in the presence of strong oxidizingiesggkMnQ, and HSO,). These oxidizing agents
could penetrate into the layered graphite strucmcecreate oxygen-containing functional groups on
both the edges and basal planes, resulting irotineaftion of GO. The GO planes were wrinkled after
chemical oxidation in the harsh acid environmentypical wrinkled GO layered structure is shown
in the Fig. 2b. A high magnification SEM image oDGFig. 2c) provides a closer view of the
wrinkled surface structure. The EDX analysis wasgomed to measure the chemical composition of
the GO and was calculated to be 65.35 at% and 24%3or carbon and oxygen, respectively. The
synthesized GO contains graphene layers with —OHQ; -COOH, and epoxy functional groups,
which have been similarly reported by other autlid4s35]. Further, to confirm the exfoliated GO
layers, AFM analysis was performed. The AFM imagsehiown in Fig. 3. The layer thickness was

measured to be 1.2 nm, which indicates that thec@®ists of 2 to 3 layers of graphene.

St mm x10.0k SE(M) 5.00um | SU70 10.0kV 9.8mm x10.0k SE(M) 5.00um [ SU70 10.0kV 14.9mm x30.0k SE(M) 1.00um

Fig. 2. FE-SEM images of, (a) graphite, (b) GO at X10,6@@mnification, and (c) GO at X30,000

magnification.

- Seanned | -5

Fig. 3. AFM image of the synthesized graphene oxide.
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Fig. 4a shows the XRD patterns of graphite and W@. characteristic@of graphitic carbon peak
(002) occurs at 26.27°. The graphitic carbon XRBkae not present in GO after it underwent
chemical oxidation of graphite for GO synthesise Tiiajor XRD peak for GO is appeared at 9.84°
due to the effective oxidation of graphite. Thigwctical oxidation subsequently increases the
interlayer distance of the graphene layers. Theesponding interlayer distance of graphite was 0.34
nm and for GO, increased to 0.90 nm after chenaig@ation. This is due to the introduction of the
oxygen-containing functional groups in GO. Furtlike, crystallite length along.& (Lc) and the

number of layersN) were calculated from the XRD pattern using Equrafl and 3, respectively [36].

0.90 X 1
Le= sy ™ (2)
b l N) = k) €)
number of layers(N) = T

where A= wavelength of X-ray used for analysis 1.5405@AFull-width half maxima of the peak of
<0 0 2> plane, and is the interlayer spacing. The average numbeayarks was calculated to be 80

and 11 for graphite and GO, respectively.

The GO powder sample for XRD analysis was partiefoliated and graphene layers may have been
aggregated which indicated a high number of layees,11. However, the GO was further exfoliated
by dispersing it in solvents using ultrasonicatam mechanical mixing prior to AFM analysis. The
AFM measured layer thickness indicated 2 to 3 kepéigraphene (Fig. 3). Since GO dispersion in
water was used for composite preparation, the nuofdayers indicated by AFM is considered to be

more accurate than those based on XRD calculations.

The Raman spectra of graphite and GO are presenkdd. 4b. The variation in the intensity of the
peaks for both graphite and GO were at 1350 an@ &6%, which corresponds to the D and G band,
respectively. The ratio of the D band to the G biawéicates the defect density/ls) of the sample.
After the chemical oxidation of graphite, the déf@ensity of the resulting GO increased from 0d.0 t
0.79. Further, the crystallite length (La) was akdted from thed/Ig ratio and wavelength.§ using
Equation 4 [37]. The crystallite size was meastiodoe 21.14 nm and 175.49 nm for the GO and

graphite, respectively.

La = (2.4 x1071%) x A} x (I—D)_ .......... (4)
Ig
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Fig. 4. (a) XRD pattern of Graphite and GO. (b) Raman spexf Graphite and GO.

Key physical and microstructural parameters of gitepand GO are presented in Table 3. Clearly, the
oxidation process results in a decrease in thehgmprystallite size and the number of layers,lavhi

the addition of the functional groups results inraareased interlayeat spacing, d/l¢ ratio and

oxygen atomic weight percentage. The improved ggishof GO from graphite results in stable

forms of GO with 2 to 3 graphene layers, unifornygital properties and optimum oxygen-
containing functional groups. This form of GO is@highly dispersible in water and is favourable fo

efficiently mixing with cement to produce nano-cerneomposite.

Table 3. Physical properties and elemental compositionuoifipd graphite and GO.

Physical properties Elemental composition
(wt.%)
Crystallite dspacing Layer thickness Raman  Number C @]
size (hm) (nm) (nm) (Ip/1g) of layers
Purified 175.49 0.34 Not 0.10 80 99.9 -
graphite measured
GO 21.14 0.90 1.2 0.79 2t03 65.35 34.05

3.2 Workability of composites

The static and dynamic flow diameters from the msinimp test are presented in Table 4. The results
show that the workability decreases with the insirggaconcentrations of GO added to the cement
composite paste. Both the static and dynamic @iamneters for the 0.02% GO cement composite
decreased by 7.0 and 6.5%, respectively, compartgbtcontrol mix. The static flow diameter
decreased by 21% in the 0.04% GO and 0.06% GO d¢esopposite compared to the control mix.
However, there was little change in the dynamiw/fthameter in the 0.02% GO, 0.04% GO and
0.06% GO cement composite, compared to the comiro{8% decrease in 0.06% GO cement

composite). The impact of GO on the workabilityikely due to the hydrophilic oxide functional

10
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groups containing the relatively large surface amhigh interlayer distance (0.90 nm) between the
2D planes, which requires extra water to wet thaifaces as well as to interact between the GO

nano-planes and the cement patrticles.

Table 4. Workability of composites: static and dynamic flavini-slump test.

Flow 0% Control 0.02% GO 0.04% GO 0.06% GO

type average standard average standard average standardaverage standard
deviation deviation deviation deviation

Static 66.33 1.53 61.67 1.58 52.33 0.58 52.50 0.50

Dynamic 126.0 1.00 117.80 2.60 117.30 1.60 115.60 1.60

3.3 Hydration kinetics

The rate and cumulative heat of hydration of theigaomposites recorded by the calorimeter are
shown in Fig. 5. The GO cement composite exhikdgtéigher rate of heat of hydration and
cumulative heat compared to the control cement(0t GO). The cement hydration peak associated
with G;S (close to 7 h) ands& (close to 12.5 h) shows that the nucleation aioavth stage was
slightly increased and shifted to the left in th® Gomposites. The cumulative heat of hydration
increased with the increasing concentrations ofiGtie composite. This was due to an acceleration
effect by the GO, which enhanced the rate of cermgatation in the nucleation and growth stages
owing to its high surface area and active oxygemtaiaing functional groups. The effect of GO on
cement hydration has been reported in the litezattith similar observations [17,20]. The final
setting times decreased for the 0.02% GO, 0.04%a800.06% GO cement composites by

approximately 15, 21, and 24 min, respectively, parad to the control mix.

0.005+ 300 ]

GO 0% Control GO _ L7

- - -0.04% GO 250+

- 0.06% GO

0.004

200+

0.003
150+
0.002

100+

> 0% Control
50 ..o - - -0.02% GO
—-—- 0.04% GO
------ 0.06% GO

T

Rate of heat of hydration (W/g)
2
=4

Cumulative heat of hydration (J/g)

0.000 T

0 4 8 12 16 20 o4 0 4 8 12 16 20 24
Time (hr) Time (hr)
(@) (b)

Fig. 5. Effect of GO on the hydration of the compositera¥ne first 24 h hydration: (a) rate of heat of
hydration, (b) cumulative heat of hydration.

11
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3.4 Mechanical properties

Compressive and flexural strength tests were cdaduo investigate the impact of GO on the
mechanical properties (Fig. 6). Compressive stienggults are presented in Fig. 6a, and indicate
that the GO improved the compressive strengthettdmposites at 28 days. Compared to the control
mix, the compressive strength of the 0.02% GO,%.@0 and 0.06% GO cement composites
increased by 6%, 26% and 12%, respectively. Arease in the GO dosage from 0.04 to 0.06% in

the composite did not further improve the compresstrength, but instead shows a decreasing trend.

The improvement in flexural strength by GO in tleenposites was greater, compared to that of the
compressive strength. The flexural strength oft@2% GO, 0.04% GO and 0.06% GO cement
composites increased by 83%, 70% and 54%, respigtoompared to the control mix (Fig. 6b).
However, the greatest flexural strength was ackidyethe 0.02% GO cement composite, and in fact
increasing the GO concentration resulted in a daserén strength. Overall, the GO appears to
reinforce the cement matrix at a nano-micro saatéch shows a net improvement in flexural
strength with the addition of GO in the cement-basemposite.

There are several reasons that the GO may havevegbthe compressive strength and flexural
strength of the GO cement composite. Firstly, etgd surface area with functional groups may have
acted as nucleation sites, prompting hydrationtaagroduction of CH, C-S-H etc. Secondly, the
uniform dispersion of the 2D nano planes providssforcement at nano-micro structural level.
Finally, the GO might have also chemically croséid to the matrix through the influence of the

oxide functional groups during the cement hydrapoocess.

.
< 704
S T 6-
Z 60+ 1 o |
- ! =
250 £ °] \
g 2,
Z i
3 401 g
= 7]
& 30 S 34 .
<] S
Q. x
4 (] 4
E 20 &2
O he]
- 104 @ 14
2
0 : ; 0 ; :
0% Control 0.02% GO 0.04% GO 0.06% GO 0% Control 0.02% GO 0.04% GO 0.06% GO
(a) (b)

Fig. 6. The mechanical strength at 28 days: (a) compressrength, and (b) flexural strength.

It should be noted that no greater strength inesasthe GO cement composite were observed
beyond GO concentrations of 0.04 wt.% of cemené Jiteatest improvement of compressive and

flexural strength was achieved by 0.04% GO and%.@®D cement composite, respectively. The
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concentration of GO greater than 0.04 wt.% of cam®say have provided extra nucleation sites and
functional groups in the composite, but they hasecontributed to the further enhancement of
mechanical strength. Also the pH level of the Glittan decreases with increasing GO
concentration. The control (0.0%), 0.02% GO, 0.08@, and 0.06% GO solutions had pH values of
6.94, 5.58, 3.14 and 3.09, respectively. DecreasiagpH levels with higher GO concentration

acidifies the solution, which may have also haggative impact on the cement hydration reactions.
3.5 Microstructure of composites
3.5.1 Thermogravimetric analysis

The TGA results of the composite samples at 1,d72éhdays are shown in Fig. 7. The weight loss
percentage gradually decreases with the increasmperature and the derivative thermogravimetric
(DTG) curve has inflections, which correspond te tecomposition of the specific hydration phases.
The TGA plots in Fig. 7a-c can be described cooadmg to the following temperature range
increments: (i) 30-108C: the evaporable water and part of the bound westeapes; (ii) 110-251C:
C-S-H, GASH;, ettringite, AFnphases (alumina, ferric oxide, monosulfate phasejjo-carbonate;
(iii) 400-500 °C: dihydroxylation of the CH; (iv) 650-80CC: decarbonation of calcium carbonate.
The degree of hydration of cement and GO cemenposite is directly related to of the percentage

of CH, which was calculated using the Equation 4:
CH content (%) = (M/Msoo) X (74/18) x 100 (%) --------------- (4)

where, My = the percentage weight loss of calcium hydroxld: 400 to 500C), Msoo = Weight at
500°C, and the fraction 74/18 is used to convert thebGkihd water into the CH mass where 74 is

the molar mass of CH and 18 is the molar mass,6f H

Fig. 7d presents the CH content (%) of the GO cémemposites at 1, 7 and 28 days. Results show
that the GO cement composites resulted in a gre@ses loss of the CH content (%) compared to the
control mix at all ages. At early age (1 day) the €ntent (%) shows the trend of 0.06% GO> 0.02%
GO > 0.04% GO > control. However, at 7 and 28 dtys,trend alters to 0.06% GO> 0.04% GO >
0.02% GO > control, indicating that higher dosagfeSO steadily influences the cement hydration
process over time. While the calorimetric studyi¢ated that GO accelerates the cement hydration
process, the increase in the CH content (%) by 165a composite further confirms it. The
hydrophilic GO nanoplane with functional groups nadpgorb water molecules [38,39], which act as
additional nucleation sites for cement hydratiag. Fa, b and c also show a minor increase in the
carbonate phases of the DTG curve peaks, whichb@alpe to the reaction of the —COOH functional
group with adjoining CH phases leading to the faramaof complex hydration products such as

calcium carboaluminate hydrate [16]. The acceldredgte of cement hydration caused by the GO
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confirms its influence on the cement hydration psx This can also yield the enhancement of the

mechanical properties of the GO cement composites.
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Fig. 7. TGA and DTG curves of the composite samples: @y, (b) 7 days, (c) 28 days, (d) CH

content (%) at day 1, day 7 and day 28.

3.5.1 X-ray Diffraction (XRD)

The XRD curves of 1, 7 and 28 days samples arepted in Fig. 8. Peak intensities indicate the

typical cement hydration products such as ettrngiortlandite (CH), tricalcium silicate £8),

dicalcium silicate (€S) for all mixes at ages from day 1 to 28. No meaterial formation is

indicated by XRD due to the impact of GO. Howeviee, XRD patterns have good profile fitting

(goodness of fit <2.5) by the Rietveld method tamee the crystalline and amorphous phases.
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Fig. 8. XRD curves of the composite samples (a) 1 dayh(2dydration), (b) 7 days, and (c) 28 days.
Graph notations: E= Ettringite, C= Calcite, CS;8@nd @S, P= Portlandite (CH), LiF= Lithium
fluoride), and (d) theoretical volume estimatedrigtveld method of 28 day hydrated samples.

The formation of three major cement hydration ped&#, C-S-H, and ettringite) quantified by the
Rietveld method is shown in Fig. 9. The percentaigeH shows an increasing trend with the
increasing GO proportions and hydration age (Fag. Bhe Rietveld CH (%) quantification results
show good coherence with the TGA quantified vabfethe CH content (%), confirming the accuracy
of the Rietveld method. The amount of C-S-H (%hi@ hydrated GO cement composite is shown in
Fig. 9b is quantified considering that the amorghpliase in hydrated GU cement is mostly C-S-H.
The amount of C-S-H (%) also increases with thesiase in GO proportion and hydration age. The
increasing amount of both CH (%) and C-S-H (%)tlfveige and GO dosage) indicates that GO
influences the cement hydration during the nuabeadgind growth stage acting as nucleation sites
which triggers @GS hydration. Ettringite is one of the primary prothuin cement hydration at an early
age due to ¢\ phase hydration. The percentage of ettringitesiases from 1 day to 7 days then
decreases at 28 days except for 0.06% GO cememtosite, which shows an increasing trend from 7
days to 28 days (Fig. 9¢). The ettringite formatizas slightly higher in the 0.02% GO cement
composite at 1 day compared to the control mix,taedamount of ettringite (%) was low at 7 and 28
days. The ettringite formation in the 0.04% GO cene®mposite at 1 day, and in the 0.06% GO
cement composite at 1 and 7 days was lower comparde control mix then slightly increases at 28

days. Therefore, higher proportions of GO showlightsincreasing trend in the amount of ettringite
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(%) compared to the control mix with the age of eatrhydration up to 28 days. These XRD results

also correspond to the calorimetric hydration hektase studies.
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Fig. 9. Amount of major cement hydration products by Ridvmethod, (a) CH, (b) C-S-H, and (c)

ettringite.
3.5.3 Scanning electron microscopic (SEM) imaging

The SEM images of 28 day samples surface are geesanFig. 10. The SEM image of the control
mix revealed the typical non-uniform distributioho@ment hydration products, micropores and
microcracks (Fig. 10a). Fig. 10b and 10c, respebtigshow the crack bridging by GO as well as hano
planes with cement hydration products in 5 um diamgore in the 0.02% GO cement composite.
The GO acts as reinforcement at the nano-micre soad bridges the cement hydration products
through gel pores (Fig. 10 d and e). The functigmaups on the GO plane may have reacted and
encouraged the formation of hydration products cvliieveloped chemical interlocking between
hydration products and wrinkled planes of the GQigh magnification SEM image also shows a

typical micropore filling performance by the GOFILOf). The effective dispersion of GO in water
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resulted in a uniform nano-cement composite distidn in the matrix which yeilds consistent

improvement of the microstructure.
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Fig. 10. SEM images of the composite surface 28 days: {@pnaoracks in the control mix, (b) crack
bridging in 0.02% GO, (c) GO layer with hydratioroguct on surface into 5 um pore of 0.02% GO,
(d) surface morphology of 0.04% GO, (e) 0.04% Gtration product bridging by GO at nano-
micro scale, and (f) 1 um pore filling by GO higlagnification image (X40,000) on 0.06% GO.

The formation of hybrid materials and the chemrealctions between the carboxylic acid of GO and
the C-S-H or portlandite are also similarly repdrite other studies [11,20,21,39,40]. All of theeeffs

of GO in the hydrated cement composite matrix aghnhancement in cement hydration, pore
filling, micro-crack bridging and creating interking between cement hydration products ultimately
improved the mechanical properties of composités. iifluence of GO in cement hydration was also
confirmed by the calorimetric study, TGA and XRBuks.

3.5 Transport properties

Electrical resistivity and one-dimensional watempsiwity tests were performed to investigate the
influence of GO on the transport properties ofdbmposites (Fig. 11). Both the electrical resisfivi
and water sorption of the composites can indicatatility performance. For example, the higher the
electrical resistivity and lower sorptivity coefiiént, the denser the matrix microstructure, which i
most cases has a positive impact on the durapiiitformance of the composite [31,32]. The
electrical resistivity gradually increases with hgtibn time for all of the mixes (Fig. 11a). The
resistivity was found to be the highest in the 8030 cement composite and it then decreases with
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increasing GO content in the composites. Up tdithe5 days after casting, the resistivity
improvement in the GO cement composites compar#utetoontrol mix was not noticeable.

However, the difference in resistivity continuedriorease as cement hydration proceeds. Thisads als
in agreement with hydration and microstructurabssthat indicated the densification of composites
by GO. The sorptivity coefficient of the hardenedi® composites at 28 days was calculated
according to Equation 1 and is shown in Fig. 11te Sorptivity coefficient was reduced by 29% in
the 0.04% GO cement composite compared to thealanik. Where the 0.02% GO and 0.06% GO
cement composites show a reduction of 25% and 2#piigity coefficient, respectively, compared

to the control mix. Homogeneous C-S-H gel matewiéth the crystalline hydrated compound
formation and strong covalent bonding in the cemeattrix pores by GO may have resulted in this
improved sorptivity performance. The sorptivityuks also resemble the electrical resistivity & th
composites. Therefore, the formation of a highemdty of hydration products such as C-S-H gel and
pore filling SEM images of the GO cement compositesin agreement with the transport property

results.
24 PR 0.06
22 £
c
0] £ 0.05-
S B3
c 8] £ 0044 [
> 16 S I
= (]
o 14 . 0.034
2 £
Q 124 3
B o] £ 0.02
f;’ 10 —{3— 0% Control §
8 8- - O- 0.02% GO
Q > i
W] --A--0.04% GO £ 0.01
--<}--0.06% GO g
4 T T T T T B 0.00 T T
0 ° 10 15 V4 2 00 0% Control  0.02% GO  0.04% GO  0.06% GO
Age (Days)
(a) (b)

Fig. 11. Transport properties: (a) electrical resistiviiay 1-28) and (b) water sorptivity coefficient
(at 28 days).

4. Conclusions

This paper presents the synthesis approach of @@nmeterials from high-purity graphite mineral
and its influence on the properties of the GO cdarmemposites. The influence of GO in the GO
cement composites was investigated to evaluateoitkability, hydration, microstructure, mechanical

and transport properties. Key conclusions are suisethas follows:

» High—purity Albany graphite (99.9% Cg) was use@ gsecursor material to synthesize GO using
an improved chemical oxidation process based oMttwified Hummers Method. The

synthesized GO with the oxygen-containing functigmaups have an interlayer distance of 0.90
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nm, crystal size of 21.14 nm, with 2 to 3 layerd & nm thickness, and carbon and oxygen wt.%
of 65.35 and 34.05, respectively.

With the dosage of 0.06 wt.% GO of cement in thapasite, both the static and dynamic flow
diameters decreased up to 21% and 8%, respectogtypared to the control mix. The water
demanding hydrophilic planes of GO captures exttew which decreases the workability of the
GO cement composites.

The GO cement composite exhibited a higher rateeaf of hydration and cumulative heat than
the control mix. This was due to enhanced nucledtioough GOs large surface area and active
oxygen-containing functional groups. Compared &dbntrol mix, the final setting time
decreased by 15, 20 and 25 min in the 0.02% G&¥.BO0 and 0.06% GO cement composite,
respectively.

Greatest enhancement of the compressive strengtiolgerved in the 0.04% GO cement
composite paste, which was 26% greater than thieadonix. Greatest enhancement of the
flexural strength was observed in the 0.02% GO cemmemposite, which was greater than the
control mix by 83%.

The microstructural investigation shows that Ghpkawith oxygen-containing functional groups
provided nucleation sites and reacted with the cgdmgdration products. This occurrence was
observed to fill micropores and reinforces the cosilg matrix at a nano-micro scale, which
enhances the mechanical properties of the composite

The incorporation of GO has improved both the eleaitresistivity and water sorption properties
of the GO cement composites. Compared to the dantxg the 0.02% GO cement composite
exhibited an 11.5% increase in electrical resistivir he sorptivity coefficient was reduced by
29% in the 0.04% GO cement composite comparecdetaahtrol mix and was the greatest
observed reduction in all GO mixes.

Overall this research opens prospects to modifgémeent-based composite system at nano-
microscale to enhance its mechanical and trangpoperties. A stable and uniform graphene-
based nanomaterial, (i.e. GO) was synthesised &bigh-purity graphite (99.9% Cg), and used to
produce the GO cement composite with improved ptigse In the future, GO cement composites
should be compared with the other forms of the lyegap-based materials nano-cement
composites. Also the study should be extendeduvestigate long-term properties and more

complex cement based systems, such as mortar ancete.
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