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Abstract

This study focuses on the development of hydrophobic layer on Portland cement using
graphenoid materials to enhance impermeability and hydrophobicity. X-ray diffraction
analysis revealed that characteristic peaks associated with concrete remained intact,
indicating the presence of phases such as ettringite, calcium hydroxide, calcite, and
more. Remarkably, the application of graphenoid material produced by non-thermal
plasma resulted in the formation of carbonaceous structures with minimal impact on the
overall cement structure. Raman spectroscopy provided detailed insights into the
composition, highlighting the presence of specific and indicating boundary defects.
Moreover, contact angle measurements confirmed a substantial increase in
hydrophobicity for the graphene-coated cement, with an average angle of 117° +/- 4.72°
demonstrated graphenoid material layers deposited over structural defects, effectively

waterproofing and enhancing local hydrophobicity.
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Introduction

Concrete is universally acclaimed as one of the most versatile, durable, and
robust construction materials in the world. While permeability is desirable for concrete
in paving applications, facilitating water drainage [1], water infiltration into concrete
used for structural purposes can lead to structural decay and aesthetic concerns,
ultimately diminishing the longevity of concrete structures [2, 3]. This infiltration not
only jeopardizes the structural integrity of concrete but also gives rise to issues such as
reinforcement corrosion and premature degradation.

In response to these challenges, there has been a burgeoning interest in
developing additives that enhance the waterproofing characteristics of concrete, with the
goal of extending the service life of concrete elements while simultaneously reducing
the costs associated with repairs and maintenance [3, 4]. Among various techniques,
surface coatings have emerged as the predominant method adopted by a majority of
researchers, often evaluated through water absorption tests. This research trend
highlights a notable emphasis on the utilization of polymer-based materials, silicate-
containing compounds, silanes, siloxanes, cementitious materials, and specific
nanomaterials. As a result, additives can be classified into three categories based on
their material composition, application methodology, and functional attributes [5, 6].

Graphene, renowned for its water-repellent properties and its ability to enhance
impermeability [7-9], represents a promising solution to the evolving demands of
modern civil construction. It offers the potential for developing cost-effective graphene
material layers capable of efficiently repelling water. Nevertheless, it is important to
note that graphene remains a relatively expensive material, often applied as an additive
to polymer coatings [10, 11]. However, the development of low-cost graphene
production technologies has significantly bolstered the attractiveness and feasibility of
incorporating graphene in construction applications.

In plasma-based methodologies [12, 13], small graphene flakes comprising only
a few layers can be synthesized without the need for substrates, utilizing a rapid and
precisely controlled synthesis process. Plasma synthesis entails the decomposition of a
carbon source, leading to the formation of carbon particle fragments within the gaseous
phase of the plasma stream.

Recently, Neto et al.'s research group [14-16] introduced a clean, rapid, and cost-

effective methodology for growing graphene nanoparticles on non-conductive materials
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such as hexagonal boron nitride and fiberglass. This innovative approach involves the
conversion of hydrocarbons into graphene-like materials using a cold plasma generator.
Significantly, this method enables the direct growth of graphene onto substrates without
the need for additional adhesion-promoting substances. In light of these advancements,
this study proposes the utilization of a bottom-up graphene formation method on
Portland cement substrates as a means to enhance the material's waterproofing

capabilities.

Experimental

The cement utilized was Type I Portland cement, and the paste with a water-to-
cement (w/c) ratio of 0.5 was thoroughly mixed and subsequently transferred to sample
holders measuring approximately 20 mm x 20 mm x 5 mm. After hardening, the
samples were demoulded and cured at room temperature after 24 hours.

The deposition of graphene onto Portland cement sample was achieved using a
non-thermal plasma generator coupled to a reaction vessel, following the approach
detailed in prior studies [14-16]. Within this reactor, employing cyclohexane (Aldrich)
as the initial input material, a 60 kV electric arc was initiated with a flow of Ny,
between a 316L steel electrode and another composed of 316L steel wire, where the
Portland cement sample was affixed, until complete evaporation of the liquid was
observed.

The resulting dry material was then subjected to characterization through
scanning electron microscopy (SEM) utilizing a Jeol JSM-6701F instrument. The block
was cut transversely on an Isomet 900 cutter using a diamond blade for ceramic
materials with a cutting speed of 100 rpm, without cooling. This low speed maintains
the integrity of the graphene deposit in the block. X-ray diffraction (XRD) patterns were
acquired using a Miniflex II diffractometer equipped with a Cu Ka radiation source
(0.15406 A wavelengths) over a 20 range of 2-90° at a scan speed of 2 min-!. Raman
spectra were recorded employing a Horiba Scientific MacroRam Raman spectroscopy
apparatus equipped with a 785 nm laser.

Contact angle measurements were conducted in accordance with ISO
(International Organization for Standardization) methodology 15989/2004, utilizing a
goniometer (KINO-SL150E) as described in the International System of Units (SI) file.
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For contact angle determination, 2.0 pL deionized water droplets were dispensed onto
the sample surfaces. Multiple measurements were taken on a minimum of five distinct
samples for each substrate, with ten readings per sample, and the average values were

recorded.

Results and Discussion

In Figures la and 1b, cross-sectional views of hardened Portland cement and the
same cement, which was covered with graphenoid material obtained through non-
thermal plasma treatment, are presented. For the sample treated with carbonaceous
material, a darker region is evident, indicating penetration of up to approximately 70
um. When was switch to secondary electron imaging to examine the same region, we
observe structural alterations on the material's surface, extending to around 120 to 150
pm. This altered region exhibits a softer texture compared to the bulk material, as
depicted in Figure 1c. The soft texture becomes more evident upon closer examination,
as seen in Figures 1d, e, and 1f. These structural modifications can be attributed to the
non-thermal plasma process, which has previously demonstrated its effectiveness in

altering stable structures such as SiO, and h-BN [15, 16].
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Figure 1: SEM images of a) Portland Cement, b) Covered Portland Cement, c) SEI of

Covered Portland Cement with a magnification of 250x, d) 2000x, e) 5000x, and f)
10000x.

Fig. 2 shows XRD patterns of the PC with and without graphenoid layer, and is
possible to observe all characteristic peaks of the Portland cement, these peaks are
related to the presence of ettringite at around 20 ~ 23°, 31°, and 33°, resulting from the

sulphate ion's reaction with calcium-bearing compounds. Calcite, with its characteristic



peak at ~26°, is the primary hydration product in cement composites and is also present
in gypsum compounds [17]. Other notable peaks include portlandite at 48° [18], quartz
around ~38° and 52° [19], alite at ~ 29°, 32°, and 62° degrees, convoluted at ~30° and
33° from belite, and calcium hydroxide at ~18° 34°, and 47° degrees [20]. In the
absence of peak shifts, these results suggest that the structure was largely unaffected by
the non-thermal plasma treatment, except for the absence of the 18° peak in the coated

sample.
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Figure 2: a) X-ray diffraction patterns of Portland Cement and Covered Portland
Cement. b) Logarithm of the intensities obtained from the X-ray diffraction patterns
measured for Portland Cement, with deconvolution of the peak corresponding to the
(002) plane, as well as carbon diffraction.

Additionally, the method of depositing graphenoid nanoflakes via non-thermal
plasma on cement results in the formation of carbonaceous structures with a few layers
[14, 15], which can render carbon phases not directly observable through X-ray
diffraction for certain materials, primarily due to differences in crystallite size. As
depicted in Figure 2b, the XRD pattern was plotted on a logarithmic scale to investigate
the potential presence of graphene within the concrete sample. Examination of the
graphene's crystallographic pattern reveals indications of nanoflakes stacking and
crystalline dimensions within the graphene crystal lattice. These distinctive
characteristics manifest in the (002) and (100) planes, which display diffraction peaks
approximately at 20 ~ 22.3° and 24.9°[14], respectively, in conjunction with the
diffraction peaks corresponding to the cement phases.

Utilizing Raman spectroscopy (Figure 3), an array of distinct spectral bands
within Portland Cement was discerned. Specifically, prominent bands corresponding to
ettringite at 1160 cm'[21], and a noteworthy band at 1440 cm!, associated with
ettringite CagAlL,Og(SO4).14H,0 and linked to the sulphate v,SO4> mode [22].
Furthermore, the spectral analysis revealed discernible bands at 1485 cm! and 1765 cm-
I, denoting the presence of calcium hydroxide [23], and a band at 1249 cm!, correlated
with Ca.H,05Si?[24]. Noteworthy contributions also included a distinctive signature at
1624 cm!' for calcium oxide [25], a discernible peak at 1680 cm! attributable to
3Ca0.Al,05[26], and a band at 1085 cm-'[27]. The latter was ascribed to calcite (1070
cm™) [28], while alternatively, the peak at 1081 cm™' was associated with the
symmetrical stretching mode of Si-O tetrahedra [29], it is imperative to underscore that
these proposed identifications are not mutually exclusive; rather, the observed spectrum

may encompass a combination thereof.
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Figure 3: Raman Spectrum of the Portland Cement and Covered Porland Cement
deconvolved in range of 1000 and 1800 cm!. In blue the cement bands and in dark
yellow the carbon bands.

Upon scrutinizing the Covered Portland Cement sample, a conspicuous
suppression of the majority of bands associated with Portland Cement became evident.
Instead, distinctive peaks corresponding to the D1, D2, D3, and G modes of carbon at
approximately 1322, 1623, 1495, and 1587 cm!, respectively, were observed [30].
These outcomes provide clear evidence of a partial coverage overlaying the Portland
Cement substrate.

The literature extensively discusses the G-band, which corresponds to the first-
order scattering of the E,, mode associated with sp? carbon. Additionally, the D band
can be attributed to structural defects, carbon amorphism, or edge defects, all of which
have the potential to disrupt symmetry and selection rules [31]. The G band's
characteristics are influenced by the number of layers, reflecting the contribution of the
vibrational mode involving more carbon atoms. Changes in its intensity, shape, and
position serve as indicators of induced deformations. Notably, within the literature, the
Raman intensity ratio of the D-band to G-band (Ip/Ig) stands as a pivotal parameter for
assessing the degree of disorder in graphene [32]. In the case of this sample, the

obtained value of 3.5 signifies the presence of boundary defects.



Figure 4. Contact angle result image of Covered Portland Cement.

The hydrophobicity was assessed through contact angle measurements (Figure
4), yielding an average angle of 117° +/- 4.72°, in stark contrast to the behavior
observed in plain Portland cement, where water droplets are readily absorbed. This
result is in agrément with the observed in figure 1, where we observe layers of
graphenoid materials deposited on the defects of the cement structure, rendering it
impermeable and increasing local hydrophobicity. The application of graphene to the
Portland cement surface has brought about a remarkable shift in wettability
characteristics. This substantial increase in the contact angle, indicative of enhanced
hydrophobicity due to graphene application, underscores the beneficial impact of the
coating on the cement surface. Such a modification in wettability properties carries
significant implications for bolstering water infiltration resistance and augmenting the

durability of concrete structures.

Conclusion

The non-thermal plasma applied to convert cyclohexane into a graphene
hydrophobic layer on Portland Cement was very promising. The X-ray diffraction
analysis revealed that the characteristic peaks of concrete remained evident, indicating
the presence of ettringite and other phases typically associated with Portland Cement.
The absence of peak shifts suggested that the overall structure was minimally affected
by the non-thermal plasma treatment. Moreover, the formation of graphenoid film via
non-thermal plasma resulted in the formation of carbonaceous structures with a few
layers block on the Portland Cement. The Raman spectroscopy provided valuable

insights into the concrete's composition, with distinct spectral bands indicating the
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presence of ettringite, calcium hydroxide, calcite, and other phases. Notably, the Raman
intensity ratio of the D-band to G-band (ID/IG) yielded a value of 3.5 for this sample,
indicative of boundary defects. Additionally, the water contact angle measurements
confirmed a significant increase in hydrophobicity, with an average angle of 117° +/-
4.72° observed for the graphene-coated cement, in contrast to the immediate absorption
of water droplets by plain Portland cement. In summary, the application of graphenoid
materials to cement surfaces has demonstrated the potential to transform its properties,
offering improved water resistance and hydrophobicity. These findings hold promise for
enhancing the durability and longevity of concrete structures, particularly in scenarios

where water infiltration poses a significant challenge.
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