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Hexagonal Boron Nitride and Graphite Oxide Reinforced
Multifunctional Porous Cement Composites

Mohammad A. Rafiee, Tharangattu N. Narayanan, Daniel P. Hashim,
Navid Sakhavand, Rouzbeh Shahsavari, Robert Vajtai, and Pulickel M. Ajayan*

The synthesis and characterization of multifunctional cement and concrete
composites filled with hexagonal boron nitride (h-BN) and graphite oxide
(GO), is reported and their superior mechanical strength and oil adsorption
properties compared to composites devoid of fillers are illustrated. GO is
utilized to bridge the cement surfaces while h-BN is used to mechanically
reinforce the composites and adsorb the oil. Introduction of these fillers even
at low filler weight fractions increases the compressive strength and tough-
ness properties of pristine cement and of porous concrete significantly, while
the porous composite concrete illustrates excellent ability for water separa-
tion and crude oil adsorption. Experimental results along with theoretical cal-
culations show that such nanoengineered forms of cement based composites
would enable the development of novel forms of multifunctional structural

Recently, the occurrence of oil spills has
become a major environmental threat that
directly affects the ecosystem.[®’] For oil
remediation, a broad variety of materials
such as adsorbents, solidifiers, disper-
sants, and skimmers have been used,®7]
but the availability of an eco-friendly and
efficient approach is still lacking. Various
attempts were made in the past to sepa-
rate and remove oil from water. Most of
these techniques were based on the selec-
tive oil adsorption capacity of polymers or
membrane based filtration.®1% In most
cases, the hydrophobic properties of these
materials are used to separate oil from
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materials with a range of environmental applications.

1. Introduction

Boron nitride (BN) exists in various crystalline forms, along
with its hexagonal allotrope, h-BN similar to that of graphite
structure.!! The 2D crystal structure of h-BN exhibits unique
features, such as thermodynamic (air stable up to 1000 °C) and
chemical stability,? excellent mechanical strengthP! as well as a
layered nature, and highly electrical insulating, while its highly
thermally conducting nature makes it suitable for many techno-
logical applications. The hydrophobic nature of h-BN sheets can
be utilized for making non-wetting surfaces, underwater con-
structions, or even filtration systems. The commercial products
of h-BN include various thermal management materials such as
thermal grease, thermal pads, coatings, and cosmetics.) h-BN
is widely used in cosmetics due to its oil adsorption capacity
and IR-radiation absorption capability. Recently, exfoliated h-BN
sheets were demonstrated for applications as additives in trans-
former oils for thermal management applications.P!
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water. Each polymer has a saturation limit
for its adsorption capacity, while the effi-
ciency of membrane-based separation is
limited to low fluent rates.[!!]

Similar to h-BN, other 2D materials such as graphene or gra-
phene-oxide-containing composites have been proven to have
significantly enhanced mechanical properties in composite
materials.'213] Addition of more than one nanocarbon in a
polymer matrix is also found to enhance the resultant mechan-
ical properties of composites to a large extent!*] Recently,
Walker et al. reported a giant enhancement in the toughness
of graphene platelet (GPL; thermally reduced graphite oxide)
based ceramic composites.["” The fracture toughness enhance-
ment of such ceramic composites is associated with the mecha-
nism of anchoring and wrapping the GPL fillers underneath
the silica grains, therefore forming a continuous wall of GPL
fillers along the grain boundaries that arrests crack propagation
in three dimensions rather than two dimensions. Graphite and
h-BN, with their relatively similar structures, are used to syn-
thesize various forms of carbon nanotubes (CNTs) and boron
nitride nanotubes (BNNTs). Despite the differences in the
electronic properties of CNTs and BNNTs, similar mechanical
properties specifically in the Young's modulus are reported
in these materials, demonstrating potential applications
such as mechanical reinforcement.'® Ultrathin boron nitride
sheets can improve the mechanical properties of BN-based
polymer composites. As an example, addition of =0.3 wt% BN
nanosheets to poly(methyl methacrylate) (PMMA) increases
the elastic modulus and strength by =22% and =11%, respec-
tively.l’) Recently, Rao et al. reported the mechanical property
modulation of PMMA with BN nanoflakes and the BN layer
dependency on the enhancement of stiffness and hardness of
PMMA-BN composites.'’” PMMA-BN composites showed
enhanced mechanical properties when the number of BN
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layers was less and the high surface area in
few layered h-BN provides a high interaction
cross-section with the polymer and contrib-
utes to enhanced mechanical properties.

Porous concretes, also called pervious con-
cretes, are structures of high porosity used
for applications!'®1°! in sustainable construc-
tion, greenhouses, and storm-water manage-
ment. By using h-BN and GO fillers, the goal
is not only to engineer and fabricate porous
composite concretes with excellent mechan-
ical properties, but also to enhance the oil
adsorption capacity of such composite mate-
rials for underwater construction structures
having oil spill mitigation properties. Such
structures could also be useful for water-
gas-oil-sand separation with improved phase
separation and enhanced water quality. Here,
we report the use of h-BN nanoflakes with
cement and concrete composites for the effi-
cient hydrocarbon (crude oil) adsorption and
heavy crude oil/water separation. This con-
crete-based material has higher volumetric
adsorption capacity while keeping a high
water fluent rate. Mechanical studies proved
the reinforcement capacity of h-BN flakes
meanwhile, the graphite oxide (GO), with
its rich verity of functional group, is used to
bridge cement turbermorite sheets. A theo-
retical simulation is used to demonstrate this
bridging mechanism that helps to keep the
silicate gel layers closer, thereby helping to remove hydrocar-
bons successfully even with a low filler fraction of h-BN.

2. Results and Discussion

2.1. Synthesis of BN and GO Cement and Concrete Composites

GO was synthesized using modified Hummer's proce-
dure?>22] (details are reported in the Experimental Section;
Figure 1) and h-BN sheets were procured from Sigma Aldrich
(=500 nm to 1 um lateral width and 80-100 nm thickness, 98%
pure). The protocol employed to disperse BN and GO fillers in
pristine cement and porous concrete are provided in the Exper-
imental Section. ASTM C39 standard uniaxial (static) com-
pression tests were conducted on cylindrical coupons to study
the mechanical properties of the composites. We determined
the compressive strength and toughness of the composites in
comparison to the baseline (pristine) cement/concrete without
any filler.

Figure la shows a transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM; inset) images of a GO flake
synthesized via modified Hummers technique. The HRTEM
image shows the edge of a GO flake shows the structure of
several layers of graphene oxide. Figure 1b is a scanning elec-
tron microscopy (SEM) image of h-BN flakes deposited on a
silicon. Figure 1c shows the Raman spectra analysis for pristine
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Figure 1. a) TEM image of synthesized GO flakes deposited on top of TEM grid after sonication
for 6 h in water. b) SEM image of BN powders deposited on top of the silicon wafer. ¢) Raman
analysis of pristine cement and the composites with cement with BN and GO fillers.

cement and composites with =1.0 wt% GO (hereafter named
GO cement) and =1.0 wt% h-BN (BN cement). Pristine cement
shows no Raman active modes while GO cement depicts clear
peaks at 1330 cm™! and =1600 cm™! corresponding to D (dis
order) and G (order) peaks of graphite oxide, respectively.?*! 1
the case of BN cement, the Raman analysis indicates a peak at
=1369 cm™! corresponding to the E,, mode of B-N vibration
and also showing other peaks that corresponding to GO.

The as-produced GO and commercial h-BN sheets were
dispersed in cement and concrete by ultrasonication and ball
milling techniques (see Experimental Section). To study the
mechanical properties of the composites, the cylindrical cou-
pons (height to diameter ratio of 2:1) were fabricated according
to the ASTM C39 standard, and static compression tests
were carried out using an Instron universal testing machine.
Figure 2a,b show SEM images of the fractured surface of the
h-BN and GO cements. Figure 2a shows the uniform disper-
sion of h-BN fillers in the cement matrix. Figure 2b shows the
GO bridging mechanism along the cement particles; no indi-
cation of large agglomeration or clustering of the fillers in the
cement and concrete composites (containing both cement and
gravels) is observed from the fracture surfaces.

First, to study the reinforcing effect of h-BN and GO fillers
in pure cement, static compression tests on cylindrical speci-
ments (7 cm in diameter and 14 cm in height) of these compos-
ites were carried out at a loading rate of =1.5 MPa/min at room
temperature (=24°C). Figure 3a depicts the comressive stress vs
strain response of the pure cement and reinforced h-BN and
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Figure 2. Typical SEM images of fracture surface of cement composites
with a) =1.0 wt% of BN fillers illustrating the uniform dispersion of fillers
(flat flakes in the picture) in the cement matrix (needle-like particle in the
picture) and b) =1.0% of GO fillers depicting the bridging mechanism
along the cement particles. No indication of large agglomeration or clus-
tering of the fillers in the cement and concrete composites is observed.
c) SEM image of the 1.0 wt% BN concrete composite fractured specimen
showing both BN sheet poll-out of the matrix mechanism and the strong
adhesion mechanism between the BN sheets and cement particles.
d) SEM image of the fracture surface of cement composite with =1.0 wt%
of BN and =1.0 wt% of GO fillers illustrating the large agglomeration of
fillers in the cement matrix.
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GO cements. The h-BN reinforced cement illustrates a signifi-
cant increase in the compressive strength (=89% increase) and
toughness (=85% increase) compared to the pristine cement
(comparing Figure 3a,b). In GO and h-BN/GO cement compos-
ites, a decrease (=17%) and an increase (=25%) in the compo-
ressive strength compared to pure cement, respectively, were
observed. As it is seen in Figure 3¢, in addition to the compres-
sive strength, we calculated the toughness (i.e., energy absorp-
tion at failure that is the total area under the stress versus strain
curve) of the pure and cement composites. Using a mixture of
1.0 wt% GO and 1.0 wt% h-BN fillers in cement significantly
decreased the toughness value by =55% compared to baseline
cement, while adding 1.0 wt% fraction of GO and h-BN fillers
in composites separately, toughness increases by =10% and
85% compared to the pristine cement, respectively. This differ-
ence in mixed fillers can be due to the large agglomeration of
fillers in the cement matrix, as is seen in Figure 2d. Addition-
ally, incompatible natures of hydrophilic GO and hydrophobic
h-BN fillers can form a very brittle structure of cement-based
composites with poor interfacial filler-matrix interface during
water and cement hydration process.

In order to fabricate practical cement-based composites,
porous concretes are engineered by adding aggregates to
cement before processing the specimens. Similarly to investi-
gate the effect of the h-BN and GO fillers in these composites,
at least four specimens for each of the materials are fabricated,
and the compression tests on cylindrical coupons (12 cm in
diameter and 24 cm in height) are repeated at the same loading
fraction of =1.0 wt% h-BN and =1.0 wt% GO (Figure 3d,e).
While the toughness in =1.0% h-BN concrete dramatically
increased by =200%, the compressive strength of this com-
posite increased by =64% compared to the pristine concrete
(Figure 3e). Despite the fact that utilizing a mixture of 1.0 wt%
GO and 1.0 wt% h-BN fillers in cement decreased the tough-
ness of pure cement by =55%, the toughness value significantly
increased by =175% in porous concrete material with same
filler loading fractions. Figure 2c shows the SEM image of the
1.0 wt% BN concrete composite fractured specimen showing
both BN sheet pull-out of the matrix and the strong adhesion
between the BN sheets and cement particles. In general, dif-
ferent types of mechanisms can be seen in BN-based compos-
ites. For example, it is reported that in silicon nitride/BN com-
posites, multilevel toughening mechanisms, including crack
deflection, bifurcation, and pull-out of matrix sheets, are attrib-
uted to the enhanced toughness property of the composites.?

The above mentioned mechanically reinforced h-BN con-
crete composite (containing both gravel and cements) was
tested for water-diluted bitumen crude oil mixture separation
(porous concrete is widely used in pavements to drain water).?’]
The photographs of the various experiment sequences involved
are demonstrated in Figure 4a. We used Canadian bitumen
heavy crude oil diluted with naphtha (1:4) and mixed 100 mL of
the mixture with 400 mL of water before applying the filtration.
It was found that h-BN concrete composite effectively filters the
crude oil from water and the filtered water becomes clear. Both
the filtrate and original water/diluted heavy oil mixture were
subjected to UV-vis absorption studies. The results indicate that
a major fraction of the hydrocarbon is removed while passing
through the h-BN concrete composite (Figure 4b).

Adv. Funct. Mater. 2013, 23, 5624-5630
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Figure 3. Uniaxial mode compressive testing in cement-based composites. a) Typical stress vs strain curve of the pristine cement and composite for-
mulations with 1.0 wt% fraction of GO and h-BN fillers. b) Averaged results for the compressive strength for the baseline cement and the composites.
c) Corresponding results and the percentage changes for the total area under the stress vs strain curves (i.e., toughness) for the pure cement and the
composite formulations. d) Typical stress versus strain curve of the pristine porous concrete and composite formulations with 1.0 wt% fraction of
GO and h-BN sheets. e) Averaged results for the compressive strength for the baseline concrete and the GO and h-BN composites. f) Corresponding
results for the total area under the stress vs strain curves (i.e., toughness) for the pure cement and the composite formulations.

2.2. Molecular Dynamics Simulation on Hydrocarbon
Absorption

The capability of h-BN flakes used to absorb the oil is shown
in Figure 5. We used this property to apply h-BN porous con-
crete composites for application in heavy crude oil and water
separation. As a result, in order to explore the role of h-BN
in cement and concrete composites, a molecular dynamics
(MD) simulation study was conducted. The computational
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experiment included a MD simulation of a few thousands of
typical crude oil molecules confined between two surfaces of
cement hydrate where one of the surfaces was coated with
a single h-BN sheet (Figure 5b). The distance between the
two surfaces was 205 A. Tobermorite 11 Al was used as
an structural model for the basic building blocks of cement
hydrate, calcium-silicate-hydrate (C-S-H) gel, which is the
binder phase of concrete and the principal source of strength
and durability in all Portland cement concretes.??’] These
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Figure 4. a) The photographs of the various experiments sequences
involved in crude oil and water separation. The Canadian bitumen heavy
crude oil was diluted with naphtha (1:4) and 100 mL of the mixture was
mixed with 400 mL of water before applying the filtration. As shown, a
large amount of crude oil was removed and adsorbed by the porous con-
crete with =7.0 wt% fraction of h-BN fillers. b) UV absorption analysis
of water and crude oil and their mixtures before and after the filtration.

hydrate gels can be interconnected with the help of oxygen
functionalities of graphite oxide.?¥! The hydrophilic GO con-
tains number of intercalated and adsorbed water molecules.
This will also help to form hydrogen bonding with cement
hydrate layers.

The crude oil is generally composed of alkane chains of C6 to
C30 of form C,H,,,,.2%3% The composition of the n-alkanes in
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Figure 5. a) Experiment showing the capability of h-BN flakes used to
absorb the oil. b) Snapshots of the crude oil adsorption on h-BN coated
Tobermorite. Different colors show different types of hydro-arbons. Top
surface is uncoated and bottom surface is coated with a single layer of
h-BN sheet. c) Atomic z-density profile for pure Tobermorite surfaces. d)
Atomic z-density profile for h-BN coated surfaces. In (c,d), the vertical
axis represents the distance from the surface of the bottom layer, which
starts from zero and increases to the top layer, located at z =214 A. The
horizontal axis determines the atomic density at the given distance. The
top layer in both cases adsorbs a majority of the carbon atoms.

this study is summarized in Table 1. The tobermorite layers are
restrained from movement during the simulation. The pairwise
and electrostatic interaction parameters for tobermorite atoms
are taken from the CSH-FF force field potential, B! which was
recently customized for the cement hydrate family. The inter-
action of hydrocarbon atoms are based on the consistent val-
ance force field (CVFF),B23 and the BN atoms are modeled as
uncharged Lennard-Jones (L]) particles.? The L] parameters
for cross interactions between the crude oil atoms, BN, and
tobermorite are calculated through the standard Lorentz—Berth-
elot combination rules.?® MD simulations were performed
using a scalable parallel molecular dynamics code, LAMMPS,[*°]
and VMD softwarel*®l was used for atomistic visualization.

Adv. Funct. Mater. 2013, 23, 5624-5630
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Table 1. Comparison of crude oil used in the molecular dynamics simulation.

Species No. in the Species No. in the Species No. in Species No. in the Species No. in the
simulation box simulation box the simulation box simulation box simulation box
Co 20 Cn 20 Cre 12 Cy 8 Coe 4
c, 21 Ciy 17 Gy 11 Cp 7 Cyy 5
Cs 25 Cis 17 Cre 10 Cn 6 Cos 4
Co 26 Cia 15 Cro 9 Cos 5 Cao 4
Cro 23 Crs 15 Cao 9 Cos 5 Co 3
The simulation is conducted under microcanonical 4, Experimental Section

ensemble (NVT) at 300 K for 2.7 ns. Periodic boundary con-
dition is applied to the system in the x- and y-directions.
Figure 5b shows a few snapshots of the adsorption mecha-
nisms at various time steps. Accordingly, it seems that at the
initial stage the alkane chains are adsorbed by both the BN and
tobermorite surfaces. However, over time more alkane chains
(specially the light ones such as C6, C7) tend to move towards
the BN surface.

To investigate the distribution of the alkane chains between
the two surfaces (along the z-axis), the atomic z-density pro-
files are calculated. The atomic z-density profile, p;(z), of an
atom type i at the distance z from the reference point repre-
sents the total number of atom type i, (Ny(z, z + Az)) in a slab
of thickness Az centered at z, divided by the volume of the
slab:

(Ns (z, 2+ Az))

pi (2) = oAz

(1)

where S, is the surface area of the slab and the symbol ( )
denotes the average over the simulation period. Figure Sc,d
are the calculated atomic z-density profiles for all carbon
atoms, which show the average location of the hydrocarbon
chains along the z-axis of the simulation box. The profile is
averaged every 4 ps. It is found that approximately 60% more
carbon atoms are adsorbed by the BN-coated surface than the
uncoated surface. This analysis reveals the hydrocarbon mol-
ecules of crude oil have higher tendency to bind to the BN-
coated surface than with an uncoated surface. In other words,
adding h-BN to tobermorite will increase its ability to adsorb
crude oil.

3. Conclusions

In conclusion, it has been proven that incorporation of h-BN
can mechanically reinforce the cement and concrete mate-
rials while at the same time increase their efficiency to adsorb
hydrocarbons such as crude oil. This opens the possibility to
engineer functional concrete structures such as road pave-
ments and water purification systems. Cement and porous
concrete filled with h-BN fillers have potential environmental
applications in addition to their traditional role as structural
materials.

Adv. Funct. Mater. 2013, 23, 5624-5630
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GO Preparation: GO was prepared according to the method in
ref. [13]. Using a modified Hummers method!?223l GO was synthesized
from graphite powder (50 um mesh size, Sigma Aldrich). To achieve
full oxidation of graphite powders, concentrated sulfuric acid (H,SOy,
50 mL) was heated to =90 °C with potassium sulfate (K;S,0g, 10 g);
phosphorous pentoxide (P,Os, 10 g) was added and the solution was
stirred until all of the components were fully dissolved. After cooling the
mixture to =80 °C, =12 g graphite powder was added to the solution,
and the mixture was kept at =80 °C for =4.5 h. Then, the mixture was
diluted with =2 L of deionized (DI) water and left overnight. Next day
after filtering the solution by using a 0.2 um nylon Millipore membrane,
the solid was dried in air overnight. Sulfuric acid (H,SO,4 460 mL)
was placed into an Erlenmeyer flask and cooled to 0 °C by an ice bath,
and then pretreated graphite was added with stirring while potassium
permanganate (KMnO,, 60 g) was added very slowly. Note that the
temperature was checked so as not to increase above =10 °C. After
adding DI water (=920 mL) slowly (temperature monitored to not climb
above =50 °C using an ice bath), the solution was kept at 35 °C for
2 h and diluted with =2.8 L of DI water; then =50 mL of 30% H,0,
was subsequently added. Finally, the solution was kept for one day and
then filtered and washed with 10% HCI solution, followed by DI water
to remove the acid, and the resulting solid was dried in air.

h-BN/GO Cement Composite Fabrication Process: The commercial
h-BN powders purchased from Sigma-Aldrich and dispersed in
Portland cement based on the desired weight fraction of the fillers.
Because the BN was not dispersible in water, a ball milling technique
was used to disperse the fillers in a cement matrix. Accordingly, the
h-BN powders and cement were shaken in a plastic container using
steel balls (5 mm in diameter) for =15 min. Then, water was added
(water:cement ratio was 0.33:1) and all components were mechanically
mixed for =10 min before molding the cylindrical specimens (7 cm in
diameter and 14 cm in height) for mechanical tests. To fabricate the
GO/cement composite samples, since GO was dispersible in water,
a high amplitude bath sonicator was used to disperse the fillers in
cement matrix for = 1 h. The water:cement ratio and mixing conditions
were similar to those of BN/cement composites before molding the
cylindrical coupons.

h-BN/GO Concrete Composite Fabrication Process: To fabricate the
h-BN/concrete and GO/concrete specimens, above methods were
utilized to disperse the h-BN and GO fillers in cement matrix except
limestone aggregates was mixed with other components before molding
the cylindrical specimens (12 cm in diameter and 24 cm in height). The
aggregate size was =0.5-1.5 cm, and water-to-cement and aggregate-to-
cement ratios were 1:0.33 and 5:1, respectively.
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