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it should be noted that when the content of GNP exceeds 0.3%wt, GNP and other materials of concrete
cannot be well mixed, their distribution cannot be uniform, and GNP could be aggregated, which was
also found in the process of mixing materials, forming weak areas in the concrete, leading to stress
concentration [8]. Therefore, the continuous increase of GNP mass fraction cannot further improve
the mechanical strength and F-T resistance of concrete, such as GC0.4. Nevertheless, when the mass
fraction of GNP is less, graphene nanoplatelets exist in isolated or small collective forms, with larger
particle spacing and less lap joints, which have little effect on the mechanical properties of the concrete.
It can be inferred that when the mass fraction of GNP is within a certain range, graphene would plays
a role in strengthening and toughening of concrete.

Figure 2. SEM images of the specimens before freeze-thaw tests.

The SEM images of the specimens after 30 F-T actions are shown in Figure 3. Extensive cracking,
0.6-4.7 um, can be found in the control sample. The GC0.3 and GC0.4 concrete sample exhibited
more cracks than the GC0.2 sample, GC0.3 concrete contained 0.4-3.5 pm cracks, but from Table 2
macro-crack cannot be found on these samples surface. Meanwhile, no micro-crack was observed in
the GCO0.1 concrete sample, this means that the mass fraction of GNP might have a certain range which
graphene will play a role in strengthening microstructure of concrete.

After 200 F-T cycles, from the Figure 4 we can observe that the micro-cracks became wide and
long (8.6-24.7 pm) in the GCO samples, tiny micro-cracks began to appear in the GC0.05 (1.3-7.8 um)
and GCO0.1 (0.8-9.2 um) concrete sample. And in the GC0.2, GC0.3 and GC0.4 concrete samples we
found that the micro-cracks became wide and more, the crack lengths are 3.4-16.9 pm, 2.7-17.3 pm and
3.3-23.1 pm, respectively, and the internal structure became poriferous, which lessened the durability
and mechanical performance of the concrete. This indicates that the perennial F-T cycles could change
the microstructure of the concrete and lead to a more porous. The SEM micrographs gives an illustration
for that the compressive strength of the GC0.05 sample is maximum in all specimens during the
F-T actions.

Figure 3. SEM images of the specimens after 30 freeze-thaw tests.
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Figure 4. SEM images of the specimens after 200 freeze-thaw tests.

3.2. Workability

The slump results are shown in Figure 5. It can be found that the slump of concrete almost
linear reduced with the increase of GNP content. At 0.4 wt % GNP, the mixing process of the cement
slurry, stone, and graphene-water mixture became difficult, and the slump was only 57 mm. It is
universally acknowledged that GNP has larger surface-to-volume ratio and can absorb more water on
its surface; nevertheless, the amount of water added to the fresh slurry remains unchanged during
the forming process, and therefore, this could reduce its workability. Meanwhile, with the increase of
graphene addition, contact degree magnified between graphene particles; some graphene particles
are not uniformly dispersed in cement matrix. This phenomenon can be found in subsequent SEM
experiments. Consequently, these would have reduced the concrete workability.

T T T T
0.0 0.1 02 03 04
Graphene nanoplatelet dosage(%)

Figure 5. The slump of concrete.

3.3. Visual Assessment

In this experiment, samples were periodically picked out from the device for visual assessment;
detailed observations are given in Table 2. With the increase of graphene content, the color of the
specimens turns black gradually. It can be noticed that before 20 F-T actions, all specimens with no
change in surface. With the increase of freeze-thaw actions, the surface of concrete samples gradually
changes. After 30 F-T cycles, tiny cracks and some porous were observed on the surface of control
samples, and it was found that the edges of the control specimens began to loosen. However, no
obvious change was observed on other GC samples. After 150 F-T cycles, control samples displayed
cracking, no damage was observed on GC0.05, GC0.1, and GCO0.2 samples, while some porous was
found on GC0.02, GC0.3, and GC0.4 samples. After 200 F-T cycles, control samples showed severe
cracking and sponge-like surfaces, and GC0.4 became more porous, showing small visible cracking;
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however, GC0.05, GC0.1, and GCO0.2 still have no obvious damage. From the surface appearance of the
sample noticed in the experiment, we can obtain the damage progression. During repeated F-T tests,
the water penetrates into the pores of concrete, and when the temperature is lower than a certain value,
water will freeze, resulting in expansion stress, resulting in micro-cracks and macro-cracks; therefore,
we could observe damages including pores, spalling, and cracks. The addition of GNP causes lower
porosity [12] and forms a compact microstructure, as a result of the specimens with GNP might have
less water absorption than control specimens, and showed less surface damage compared with the
ordinary concrete samples through all the F-T actions.

Table 2. Visual observations of GNP concrete at different F-T cycles.

GNP Additives
Cycles

0.02% 0.05% 0.1%

30

50

150

200

3.4. Mass Change

Concrete mass could be reduced due to subject to F-T actions. The main reason of mass reduction
was involved in the concrete corners due to damage caused by freeze-thaw cycles. Figure 6 shows the
mass loss ratio Am,, after different cycles.

cycles(times)

Figure 6. Mass loss ratio of concrete versus F-T cycles.
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Although in some F-T cycles (before 50 cycles), the value of the mass loss reduction was small,
this phenomenon could be explained as the higher durability of the specimen (such as GC0.05 and
GCO0.1) against F-T cycles. In freeze-thaw cycle test, mass loss can be used as an index to measure
material damage. According to the Chinese standard GB/T 50082-2009 [23], the mass loss of concrete
more than 5% means that the material has been destroyed by rapid F-T, and the test can be stopped.
From Figure 6, we can see that Am,, rise gradually for all samples with the cycles continue. After 200
cycles, the maximum value of Am,, is 5.42% for GCO, followed by 2.06%, 1.96%, 2.19%, 2.72%, 2.92%,
and 3.06% for GC0.02, GC0.05, GC0.1, GC0.2, GCO0.3, and GCO0.4, respectively. This implies that GCO
has been destroyed; therefore, the maximum number of experimental cycles we designed was 200.
Moreover, the maximum value of Am,, of modified concrete implied that GNP has a noticeable ability
to keep matrices together; this may be attributed to the smaller size of GNP which could refine the
internal pore structure of concrete [12]. It is noteworthy that the mass loss ratio of the concrete samples
containing 0.05% GNP is the smallest during the F-T cycles.

3.5. Compressive Strength Evolution

To study the effect of GNP on the compressive strength evolution of the concrete, the compressive
strength of the samples of 28day and different F-T cycles was measured. Figure 7a illustrates
28day compressive strength with different GNP additives concrete; it can be found that the concrete
compressive strength can be improved by adding GNP up to 0.3%, the enhancement of compressive
strength in GC0.02, GC0.05, GC0.1, GCO0.2, and GCO0.3 relative to that of GCO was 18.61%, 22.40%,
19.78%, 8.84%, and 1.42%, respectively. When the water cement ratio and coarse aggregate of concrete
are the same, the porosity of concrete will greatly affect the compressive strength of samples. There may
be two reasons for the increase of strength of the graphene concrete: One is that GNP can accelerate
the hydration process of cement [14], which leads to the refinement of pore structure; the other is
that graphene nanoplatelets fill the holes in concrete, as evidenced by the SEM results. However,
adding 0.4% of GNP had an adverse impact on enhancing the compressive strength of the specimen.
The reason for the reduction of 28 days compressive strength in the concrete containing 0.1-0.4%
GNP, in comparison with the samples containing 0.05% and 0.02% GNP could be the lack of uniform
distribution and nanoplatelets agglomeration and the formation of weak regions in the concrete. The
micro structural morphology corroborates the evolution of the strength. However, Du et al. [12] added
the GNP in to the concrete, and the GNP content from 0.5% up to 2.5% at 0.5% increment, they reported
that GNP has no beneficial or adverse impact on the compressive strength of the concrete, we inferred
that they come to this conclusion is that they took a larger increment of graphene content and did not
find the appropriate dosage.

376 58537.97 80
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—e—0.02%
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——040%

Compressive strength(MPa)
!
compressive strength loss ratio(%)

T T
0.0 0.1 0.2 03 04 0 50 100 150 200
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Figure 7. (a). Twenty-eight-day compressive strength of different GNP additives. (b) Dy versus F-T
actions. The compressive strength of concrete with different GNP additives.
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To research the changing trend of compressive strength of the sample in tests, compressive strength
loss ratio Dy was defined as follows:

Dy = (1—%)“00% 3)

where f}, is the compressive strength of the sample after exposure to the nth cycles, f( is the compressive
strength of the sample before the experiment. Figure 7b shows the compressive strength loss ratio
after F-T actions. The results show that GNP has a remarkable impact on the compressive strength of
specimens during the whole test, the compressive strength loss ratio D¢ of graphene concrete samples
are lower than that of control concrete. After 200 cycles, D was 75.39% in the control sample; this
means it destroyed according to the China national standard [23], while D¢ was 22.60%, 19.59%, 24.85%,
27.25%, 30.02%, and 39.02% in the samples containing 0.02%, 0.05%, 0.1%, 0.2%, 0.3%, and 0.4% GNP.
After 200 F-T cycles, the compressive strength of GC0.02 and GC0.05 were 29.1 MPa and 31.2 MPa,
respectively. Therefore, adding GNP can significantly improve the durability of concrete under F-T
cycles, a probable reason is that there were few or no cracks or fine holes between the crystals in
graphene concrete, which greatly reduced the water penetration into the concrete, thus reducing the
frozen-heave force; hence, the freeze-thaw resistance of the material was improved. In addition, adding
more than 0.05% GNP in this test presented a decreasing trend in improving the compressive strength
of graphene specimen in F-T cycles. This means that the mass fraction of GNP is 0.05%wt of the cement;
the effect is best in this experiment.

3.6. Elastic Modulus Evolution

The elastic modulus of concrete is usually defined as either a secant or a chord modulus. A
secant modulus of concrete is calculated from the starting point to a specified point on the stress—strain
curve. The specified point often is selected between 30% and 60% of the specimen’s ultimate strength.
We take 30% of the ultimate strength of the specimen as the defined point. Table 3 summarizes
the elastic modulus of concrete samples. We found that GC0.05 has the strongest ability to resist
elastic deformation, and the elastic modulus of GC0.05 is close to that of C60. The dates implied that
GNP addition increases modulus of the concrete. It may have contributed to the high stiffness of
graphene and the increasing compressive strength. We also found that for all samples, the modulus
was obviously changed after 200 cycles. The elastic modulus of graphene concrete showed a lower
decrease during the whole test. Comparing with the control sample before F-T actions, the ordinary
cement concrete showed a drop up to 25.4% in the elastic modulus at 200 cycles. Nevertheless, the
sample with the additives of 0.05%, 0.2%, and 0.3% GNP showed 17.57%, 19.7%, and 16.4% decrease
in elastic modulus, respectively. After 200 F-T cycles, the elastic modulus of GC0.05 is still close to
30.0GPa. This indicated that the addition of GNP can enhance the elastic deformation resistance of
concrete in F-T actions.

Table 3. Elastic modulus of concrete samples after F-T cycles (unit: GPa).

F-T Cycles GCo GC0.02 GCo0.05 GCo.1 GCo0.2 GCo0.3 GCo0.4
0 30.895 35.593 36.060 35.485 33.740 31.900 30.355

10 29.445 - - 34.010 33.490 31.445 29.830

20 29.375 - - 32.415 33.215 30.655 29.395

30 28.265 - - 32.790 31.840 30.835 29.190

50 28.295 32.019 33.420 31.755 30.410 30.430 27.550

100 26.700 31.440 32.670 30.380 29.865 28.575 25.560

150 25.175 29.375 30.393 28.825 28.210 27.835 25.060
200 23.045 28.460 29.725 28.140 27.080 26.665 23.315
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3.7. Peak Strain Change

In this study, we defined peak strain as the strain when the compressive stress reaches the
maximum value in the experiment. Table 4 summarizes the peak strain of concrete samples after
different F-T actions. Before cycles the peak strain of GCO is about 0.00188, and the peak strain of
graphene concrete is slightly larger than that of the control concrete, this means that when the specimen
is destroyed the graphene concrete has large deformation than the ordinary concrete; a probable reason
is that GNP improves the deformability of concrete. From Table 4, we can observe that the peak strain
decrease with cycle times and the changing trends for different wt% GNP concrete with different F-T
cycles is similar.

Table 4. Peak strain of concrete after F-T cycles.

F-T Cycles GCo GC0.02 GC0.05 GCo0.1 GCo0.2 GCo0.3 GCo0.4
0 0.00188 0.00224 0.00232 0.00229 0.00220 0.00209 0.00189

10 0.00194 - - 0.00236 0.00214 0.00203 0.00185

20 0.00178 - - 0.00217 0.00214 0.00199 0.00180

30 0.00175 - - 0.00195 0.00207 0.00195 0.00184

50 0.00173 0.00187 0.00192 0.00185 0.00184 0.00174 0.00167

100 0.01051 0.00163 0.00171 0.00161 0.00158 0.00154 0.00158
150 0.00152 0.00156 0.00166 0.00157 0.00161 0.00151 0.00154
200 0.00139 0.00152 0.00164 0.00151 0.00147 0.00144 0.00133

4. Conclusions

This paper researched the effect of GNP on the freeze-thaw performance of concrete. A series
of experimental investigations were carried out. Concrete samples consist of 0%, 0.02%, 0.05%, 0.1%,
0.2%, 0.3%, and 0.4% graphene nanoplatelets were prepared for the rapid F-T tests. The workability,
compressive strength, and durability graphene of concrete subjected to F-T cycles of the specimens
were studied, and the main conclusions were as follows.

(1) The SEM micrographs indicate that the effect of GNP enhanced the freeze-thaw resistance of
concrete. It can be concluded that graphene nanoplatelets with the appropriate additional acts
effectively in enhancing the durability of concrete under freezing-thawing cycles.

(2) Adding graphene nanoparticles could reduce the workability of graphene concrete, and the
slump of the specimen decreases with the increasing nanoparticles addition.

(38) Concrete with GNP displayed less mass loss during F-T actions, particularly the concrete with
the 0.05% GNP addition. In addition, GNP concrete exhibited fewer damages on the sample’s
surfaces than the control concrete.

(4) Adding graphene nanoparticles up to 0.3% could improve the compressive strength of concrete;
before F-T test, the maximum increase of compressive strength in GC0.05 relative to that of GC0 was
22.40%. However, above 0.4%, the incorporation of GNP had a negative influence on enhancing
the compressive strength of concrete. Furthermore, concrete with the appropriate additional GNP
showed less compressive strength loss after 200 F-T cycles compare to the control specimens.
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Abstract: Graphene oxide (GO)-MIL-101(Fe) (Fe-based metal-organic frameworks (MOFs) with Fe(III)
as the metal anode and 2-aminobenzene-1,4-dicarboxylic acid as a ligand) sandwich composites
are designed and fabricated through a facile in situ growth method. By modulating the addition
amount of GO nanosheets, composites containing MIL-101(Fe) octahedrons with a tunable dimension
and density are achieved. The optimized ratio between individual components is determined
through adsorption experiments. Adsorption isotherms reveal an enhanced adsorption efficiency and
improved adsorption capacity of GO15-MIL-101(Fe) (GO dosage is 15 mg) in comparison with raw
MIL-101(Fe) nanocrystals. Experimental evidence indicates that the removal of U(VI) by the composite
is based on inner-sphere surface complexation and electrostatic interaction. The improved adsorption
performance originates from the optimized synergistic effects of GO and MIL-101(Fe) octahedrons.
In summary, this work offers a facile synthetic method to achieve cost-effective composites towards
the U(VI) capture. It also lays the foundation for the design of novel adsorbents with the full play of
component’s functionality.

Keywords: graphene oxide; MIL-101(Fe); composite; adsorption; uranium

1. Introduction

The severe energy and environmental crisis calls for the development of green energy sources.
Nuclear power is an effective solution for this problem as a sustainable energy source with a high
efficiency. However, the radioactive contamination from the production process of nuclear energy can
cause potential ecological threats and biological toxicity [1-3]. In particular, uranium-contamination
is included in the major nuclide pollutants that are urgently required to be eliminated from the
polluted waters [4]. The widely used techniques for the removal of uranyl ions consist of solvent
extraction [5], ion-exchange [6], and adsorption. In particular, adsorption takes advantages of the rapid
and highly efficient treatment of uranium by developing adsorbent materials with programmable
functionalization [7]. Until now, much attention has been paid to the development of nanostructured
adsorbents for higher adsorption efficiency [8,9]. One of the most promising directions is the fabrication
of composite materials which combine the functionality of individual components into one [10,11].
The key point lies in the component selection and sophisticated structure design for the optimization
of synergistic effect inside the composite materials.

Among the various adsorbents, functional carbon nanomaterials including one dimensional
carbon nanofiber /nanotube, two-dimensional graphene oxide (GO) [12,13], and three dimensional
functionalized carbon nanostructures take the advantages of a large surface area and easy
functionalized capability, which endow them the great potential as novel adsorbents for uranium-based
nuclide species [14-18]. Zanker et al. reported that the adsorption of uranyl ions on pristine carbon
nanotube (CNT) reached 5.0 mmol g ! at pH = 5.0 under 298 K [19]. Wang et al. demonstrated the good
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adsorption performance of GO towards U(VI) in aqueous solution [20]. The tedious and high-cost
synthetic procedures of CNT and GO promote the studies on the fabrication of CNT/GO-based
composites which maintain a good performance at a lower dosage of CNT and GO by the introduction
of other components and optimizing the synergistic effects [21,22]. Compared with CNT, fabrication of
GO-based composite materials benefits the adsorption properties in several ways. On the one hand,
the expansive surface of GO gives rise to the easy attachment of other nanomaterials, making them
excellent substrates. On the other hand, the formation of composites through surface growth method
helps overcome the aggregation problem of GO in solutions, which improves the exposure of functional
groups. In the past few years, various GO-based composite adsorbents with diverse functionalities have
been designed and fabricated, including a magnetic GO composite [23], GO-polymer composite [24,25],
GO-layered double hydroxides (LDHs) composite [26], etc.

Metal-organic frameworks (MOFs) are a series of crystalline hybrids based on the bridging
network between metal ions and organic ligand molecules [27]. Owing to their high surface area,
tunable porous structure, and versatile chemical functionality, MOFs have become high-profile
candidates in application fields of catalysis [28], adsorption [29-32], and membrane formation [33].
Very recently, MOFs have found new opportunities in the removal of uranyl ions [34,35]. MIL-101, as a
series of MOFs with different metal centers (Al, Cr, and Fe), has received much attention in the recovery
of uranium polluted waters due to its chemical stability in acid solutions [36-38]. Compared with
pristine materials, functionalized MOFs have shown optimized adsorption performance with enriched
binding sites [39]. The post-synthetic strategy is the commonly used method to introduce functional
groups on the MIL-101 host. However, the multistep post-grafting process is time-consuming and
usually involves polluting acid such as HNOj3 [40]. One step or the in situ fabrication of MOF-based
composite is a more facile and environmentally benign synthetic method to achieve novel adsorbents
with a satisfying performance. Several previous studies have provided excellent examples for GO-MOF
composites as adsorbents [41,42].

Herein, we presented the fabrication of the GO-MIL-101(Fe) composite through in situ growth
method. Different ratio of GO and MIL-101(Fe) in the composite was tuned through changing
the addition amount of GO nanosheets. The size and distribution density of MOF polyhedrons
varied due to the interference of the functional groups on GO nanosheets towards the nucleation and
growth of MIL-101 seed. Morphology imaging based on scanning electron microscopy (SEM) and a
composition analysis from powder X-ray diffraction (XRD), Attenuated total internal reflection Fourier
(ATR-FTIR) and X-ray photoelectron spectroscopy (XPS) measurements eVidenced the successful
synthesis of the composite material. Batch adsorption experiments further confirmed the much
better adsorption performance of the GO15-MIL-101(Fe) composite than pristine MIL-101(Fe) with
larger U(VI) adsorption capacity and superior reusing ability. Mechanism analysis further illustrated
the importance of optimizing synergistic effects between individual components in improving
the adsorption performance. This work would benefit the design and development of composite
adsorbents with a versatile functionalization for the potential application in the effective recovery of
U(VI) pollution.

2. Materials and Methods

2.1. Chemicals

Graphite (CP grade, <300 mesh) was purchased from Sinopharm Chemical Regent, Beijing,
China. Iron(III) chloride hexahydrate (FeClz-6H,O, 97 wt%), 2-aminobenzene-1,4-dicarboxylic acid
(NH,-H,BDC, 98 wt%), and N,N-dimethylformamide (DMF, 99.8 wt%) were provided by Alfa Aesar,
Shanghai, China. Polyvinylpyrrolidone (PVP, Mw = 30,000) was provided by Xilong Scientific Co.,
Ltd., Shanghai, China. Uranyl nitrate was obtained from Sigma Aldrich, Beijing, China. The graphene
oxide (GO) was synthesized based on the Hummers method [43].
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2.2. Characterization

The dimension and morphology of all the samples were obtained from scanning electron
microscopy (SEM) (Hitachi 54800, Tokyo, Japan). X-ray diffraction (XRD) D/max-TTRII (Rigaku,
Tokyo, Japan) was used to provide the crystalline information of the samples. Attenuated total
internal reflection Fourier (ATR-FTIR) spectra were obtained on a Bruker TENSOR-27 (Bruker Optics,
Bremen, Germany). The surface composition and binding state information were achieved from X-ray
photoelectron spectroscopy (XPS) (Thermo Escalab 250Xi, Waltham, MA, USA). Pore information and
specific surface area were analyzed by a Micromeritics ASAP 2010 (Norcross, GA, USA). ( potential
data were collected from a Zetasizer Nano ZS (Malvern Instrument, Worcestershire, UK). For measuring
the zeta potential, the pH values of the achieved samples (cnac) = 10 mM) were adjusted to values
between 1 and 11 by adding HCI or NaOH, respectively.

2.3. Fabrication of the GO-MIL-101(Fe) Composite with Different GO Contents

GO-MIL-101(Fe) was synthesized with an in situ growth method. In a typical procedure, 10 mg,
15 mg, 18 mg, 20 mg of GO and 54.1 mg of FeCl3-6H,O (0.2 mmol) were dispersed in 6 mL DMF
and formed solution A, 18.2 mg NH,-H;BDC (0.1 mmol) and 4 mg PVP were dissolved in 6 mL
DMF to form solution B. Subsequently, solutions A and B were placed in a microwave vessel and
sealed. After reaction at 160 °C for 10 min, the solid products were collected by centrifugation at
5000 rpm for 10 min. The samples were washed twice with DMF followed by washing with ethanol
two times to remove residual DMF. Finally, the product was dried in vacuum overnight for further
use. The achieved composite was denoted as GO10(15, 18, 20)-MIL-101(Fe). MIL-101(Fe) materials
were fabricated according to the above method without the addition of GO. The mass ratio of GO
and MIL-101(Fe) was calculated to be 1:7.42 by measuring the mass of both GO15-MIL(101) and the
original added GO.

2.4. Batch Sorption Experiments

The adsorption properties of composite samples were studied by batch experiments.
Stock dispersions of adsorbents including MIL-101(Fe) and the GO10(15, 18, 20)-MIL-101(Fe)
composites were prepared with a concentration of 1.2 g L. U (VI) stock solution (0.2 g L~1) was
also prepared. Adsorption suspensions to perform adsorption experiment with different conditions
were prepared by diluting the stock adsorbent suspension and U(VI) solution with distilled water.
The adsorbent concentration in the adsorption suspension was 0.20 g L~ except for the adsorption
experiment with different adsorbent doses. The initial U concentration of 10 mg L™ is selected
to study the adsorption behavior of the GO-Fe MOF composite towards U(VI), which simulated
the example of industrial effluents with a relatively high U concentration. The effect of pH on the
adsorption efficiency was investigated by tuning the solution pH with a different concentration of
HNO3; or NaOH (0.01 mM~0.1 M), which guaranteed that the added amount of HNO3 or NaOH was
almost negligible in comparison with the volume of the adsorption solution. The pH modulation
process was monitored by a pH meter. The adsorption efficiency of GO15-MIL-101(Fe) under different
initial U concentrations (0.035 mg L', 1.3 mg L', 3 mg L) was also tested (pH = 5.5, T = 298 K).
These concentrations took reference from a previous study [6]. The adsorption isotherms were achieved
by performing adsorption experiment under different initial U(VI) concentrations (5 mg L~1~70 mg Lt
with 5 mg L~! intervals) under pH = 5.5 at different temperatures (298 K, 313 K, 328 K). The pH of the
adsorption suspensions was tuned to 5.5 at 298 K and then the adsorption solutions were placed in a
shaker under different temperatures. Adsorption kinetics were performed at ambient temperature
(pH = 5.5). The influence of coexisting ions (cations from NaNO3, KNO3, Mg(NO3),, Ca(NO3); and
anions from NaNOj3, NaCl, Na(SOy),, and Na(COs3),, the concentration was 0.01 M) towards the
adsorption performance was further investigated. Particularly, the removal efficiency of U(VI) on
GO15-MIL-101(Fe) and MIL-101(Fe) was compared in simulated surface water and groundwater.
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The pH, composition, and related ion concentrations were determined based on previous studies
(Table S1) [44]. The suspension was agitated for over 24 h to achieve equilibrium. The concentration of
uranyl ions under equilibrium was confirmed by the Arsenazo Il based colorimetric method. U (VI)
can form a binary complex with Arsenazo III. The uranyl ion content was determined by measuring
the absorbance of the complex at 656 nm. Samples with U(VI) concentration in ppb level were tested
via inductively coupled plasma optical emission spectrometry (ICP-OES) analysis. The adsorption
percentage (Adsorption, %) and adsorption capacity (4., mg g~ ') can be obtained based on the
following equations:

Adsorption = (COC;CE) X 100% (1)
0
Co—Co) xV
Ge = % )

where, Cy (mg L) and C, (mg L1 correspond to the U(VI) concentration of the adsorption
suspension at the beginning and equilibrium, respectively. V (mL) and m (g) are the solution volume
and adsorbent dosage, respectively. Triplicate measurements showed that the relative errors were
within 5%.

2.5. Desorption and Reusing Studies

The reusing ability of the GO15-MIL-101(Fe) was studied through monitoring the adsorption
efficiency of the 8-cycles regenerated samples. U(VI) was desorbed from the sample through the
washing process of 0.1 M HNOj3. The as regenerated sample was centrifuged and washed with
deionized water for the removal of acid. Then the dried powder was used in the next adsorption
process. The U containing HNO3; wastewater was collected by a professional liquid waste treatment
plant or stored to be reused as raw pollutant water in further U removal research.

3. Results and Discussion

3.1. Characterization of GO-MIL-101(Fe) Composite

As shown in Figure 1a, pure GO presented a two-dimensional morphology with lateral size up
to tens of micrometers. GO-MIL-101(Fe) composites were fabricated through a facile one-pot in situ
growth method. The component ratio was adjusted by tuning the addition amount of GO in the
synthetic precursor solution. Figure 1b—d confirmed the successful growth of nanosized MIL-101(Fe)
octahedrons on GO nanosheets. The negligible dispersed MIL-101(Fe) indicated that most MIL-101(Fe)
nanoparticles formed on the GO matrix. Moreover, MIL-101 octahedrons were well distributed on
both sides of the GO nanoplatelets, which guaranteed the synergistic interaction between individual
compositions. Notably, the dimension of MIL-101(Fe) octahedrons in the composite decreased with the
amount of GO increasing (460 nm for GO10-MIL-101(Fe), 350 nm for GO15-MIL-101(Fe), and 150 nm
for GO20-MIL-101(Fe)). It was reported that low concentrations of a monocarboxylic acid with
different pKa values (1.60~10.15) could modulate the crystal growth of MIL-101(Cr), with higher
pKa leading to smaller nanoparticles [45]. GO synthesized from Hummers method possessed many
oxygenated groups like carboxylic (pKa = 4.3 and 6.6) and phenolic groups (pKa = 9.8) [46]. Therefore,
both carboxylic groups and phenolic groups gave rise to the controlling of the size of MIL-101 in
GO15-MIL-101(Fe) composite. Considering that most MIL-101 octahedrons nucleated on the surface
of GO, phenolic groups with especially high pKa played a dominant role. We postulated that GO
interfered with the nucleation of MIL-101(Fe) which led to smaller sized nanoparticles with the addition
amount of GO increasing.

As shown in Figure S1, all the XRD patterns of the composite materials showed peaks at 20 = 5.88°
and 9.08°, which can be assigned to typical (531), (911) diffractions of MIL-101(Fe), confirming the
successful synthesis of the composite sample [47,48]. However, the decreased peak intensity in
GO20-MIL-101(Fe) indicated the reduction of MOF crystallinity, which was also reflected from the loss
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of the octahedron morphology. ATR-FTIR spectroscopy was used to identify the functional groups
of the GO-MIL-101(Fe) composite. The broad band in the range of 3000 cm~!~3500 cm ! originated
from the hydroxyl groups of absorbed water molecules. The IR signals at 3475 cm ™! and 3345 cm ! in
Figure 2a corresponded to the asymmetric and symmetric N-H stretching vibrations in amino groups
of MIL-101(Fe) [49]. Because of the low concentration of MIL-101(Fe) in the composite, these peaks
became negligible in Figure 2b,c. For the sample MIL-101, FT-IR signals at 1575 cm ™! and 1429 cm ™!
were asymmetric and symmetric stretching of carboxylic groups in the organic ligand NH,BDC,
respectively [50,51]. The peak at ~1379 cm~! obviously indicated the effect of the amino groups on
the symmetric stretching of carboxylic groups. C-N-stretching vibrations were clearly recognized
at 1257 cm ™! in IR spectrum of MIL-101(Fe) [40]. The spectrum peaks at 1501 cm ™! and 767 cm ™!
can be attributed to the stretching vibration (C=C) and deformation vibration (C—H) of benzene,
respectively [52]. As shown in Figure 2b, the asymmetric stretching of O=C-O, C-N stretching,
and C-H deformation vibration were suppressed, which was more obvious with the GO increasing.
This result implied the modulation of GO towards the growth of MIL-101(Fe). The comparison of
FTIR spectra between GO15-MIL-101(Fe) and that loaded with uranyl ions can be used to deduce the
uranyl ions-composite interaction. As shown in Figure 2c, the peak at ~920 cm~! can be assigned to
the stretching vibration of the linear structure of the U0,2%* group in the U(VI)-loaded materials [53].

Figure 1. The scanning electron microscopy (SEM) images of (a) GO, (b,f) GO10-MIL-101(Fe) composite,
(c,g) GO15-MIL-101(Fe) composite, (d,h) GO20-MIL-101(Fe) composite and (e) MIL-101(Fe).
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4000 3200 2400 1600 800
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Figure 2. The Attenuated total internal reflection Fourier (ATR-FTIR) spectra of (a) MIL-101(Fe), (b)
GO10-MIL-101(Fe), (c) GO15-MIL-101(Fe), (d) GO20-MIL-101(Fe) and () GO-15-MIL-101(Fe) loaded
with U(VI).
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The XPS measurement provided the information of elemental composition and surface binding
condition of GO-MIL-101(Fe) composite. XPS survey spectra showed the typical peaks of Fe2p, Cls,
Ols, and N1s in GO-MIL-101(Fe) composites and additional U4f peaks upon the uptake of uranyl
ions (Figure 3a). The O auger signal (976 eV) was observed [54]. The Fe auger signals (893 eV, 841 eV,
and 786 eV) and U4ds,, signal (740 eV) [55,56] were also recognized. XPS signals at 311 eV and
554.9 eV can be assigned to the Cls and O1s satellite peaks [57-59]. The negligible observation of
the characteristic signal of DMF molecules (C-N symmetric stretching at 866 cm ! and the O=C-N
stretching mode at 659 cm~!) indicated the removal of residual DMF molecules in the system. The
Cl1s spectra of the composite materials can be deconvoluted into three peaks including C-C, C-O,
and C=0 with the binding energy increasing. Ols spectra were composed of oxygen anion (OH 1)
at 530.9 eV, C=0 (carboxylic group) at 531.5 eV and C-O in aromatic rings, phenols, and ethers at
533.4 eV [60]. The analysis of the XPS data for GO-MIL-101(Fe) samples before and after the uranyl ions
adsorption demonstrated the interaction between the adsorbents and U(VI). As shown in Figure 3b,
GO-MIL-101(Fe)-U(VI) exhibited typical U4f XPS peak which consisted of two doublet-peaks at 382 eV
(U4f;5) and 392 eV (U4fs,,) [6]. The peak at 399.97 eV and 403.13 eV corresponded to the N1s XPS
signal with the former corresponding to the amine groups on MIL-101(Fe) and the latter peak indicated
the presence of N doping in the form of pyridinic N-oxide on GO. Such N doping may originate from
the DMF treatment under the solvothermal condition [61]. The decreased intensity of the N1s peak in
GO-MIL-101(Fe)-U in comparison with the raw sample indicated that the amino group of NH,BDC
ligand contributed partial adsorption performance. The decreased intensity of C—O and C=0 peaks
of Cls as well as the decreased area of Ols peaks indicated the interaction between the uranyl ions
and different sort of functionalized oxygen groups on the composite. The XPS analysis eVidenced
the synergistic effect of GO and MIL-101(Fe) in the removal of U(VI), which agrees well with the
FT-IR results.

Brunauer-Emmett-Teller (BET) analysis further provided the surface area and pore structure
information. MIL-101(Fe) showed a mixture of type I and IV adsorption-desorption isotherms with
the sharp N, uptakes at low relative pressure (P/Pj < 0.1), indicating its micro/mesoporous structure
(Figure S2a) [62]. The pore size distribution result (Figure S2b) indicated the existence of 2.15 nm
and 2.52 nm mesocages and 1.26 nm microcages in MIL-101(Fe). In contrast, GO-15-MIL-101(Fe) also
exhibited characteristics of type II isotherms, which revealed that the introduction of macropores
in the composite (Figure S2c). The Hs-type hysteresis loops implied that the sandwich structures
formed in the 2-D GO nanosheets-MIL-101 octahedrons composite gave rise to slit mesopores [47,63].
Figure 52d further showed enlarged mesocages of ~2.75 nm. Both isotherm observation and statistic
data (Table S2) showed that GO15-MIL-101(Fe) had a lower specific surface area and larger total pore
volume than that of pure MIL-101(Fe), which resulted from the formation of meso-macropores in
the composite structure. The pore texture analysis illustrated that the GO15-MIL-101(Fe) composite
synthesized from the in situ growth method may modulate the pore structure of both individual
components, which may optimize the adsorption performance.
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Figure 3. (a) The survey spectra obtained from X-ray photoelectron spectroscopy (XPS) of
GO15-MIL-101(Fe) before and after the adsorption of U(VI), high-resolution spectra of U4f for
(b) GO15-MIL-101(Fe)-U, C1s for (c¢) GO15-MIL-101(Fe) and (d) GO15-MIL-101(Fe)-U, Ols for (e)
GO15-MIL-101(Fe) and (f) GO15-MIL-101(Fe)-U.

3.2. U(VI) Adsorption on the GO-MIL-101(Fe)

Figure 4a showed the change of the adsorption efficiency of MIL-101(Fe) and GO-MIL-101(Fe)
towards U(VI) as a function of pH. With pH varies ranging from 2.0 to 11.0, the adsorption percentage
of uranyl ions increased slowly firstly (Stage I), followed by a rapid improvement (Stage II) and then it
was maintained at a high level (Stage III). GO-MIL-101(Fe) composite materials exhibited decreased
adsorption efficiency after Stage III. However, the pH turning point of Stage I-II and Stage II-III is
different for MOF and GO-MOF composites. Pure MIL-101(Fe) and GO10-MIL-101(Fe) ended stage
I at pH = 4, while that for GO15-MIL-101(Fe) and GO20-MIL-101(Fe) is pH = 3. Furthermore, pure
MIL-101(Fe) begins stage III at pH > 7.4. In comparison, GO-MIL-101(Fe) composite reached high level
of adsorption efficiency at lower pH (GO10-MIL-101(Fe)/92.2% at pH = 7, GO15-MIL-101(Fe) /98.1%
at pH = 6.5, GO20-MIL-101(Fe)/96.7% at pH = 7). Considering the complexity of contaminated
water sources, the adsorption efficiency of GO15-MIL-101(Fe) was tested with different initial U
concentrations. Under initial U(VI) concentration of 0.035 mg L™!, 1.3 mg L~! and 3 mg L7,
the adsorption percentage was 40%, 93.1%, and 99.6% with 21 ug L1, 89 ug L1, and 12 ug L!
U(VI) left in water (Figure S3), respectively. The lowered adsorption percentage at U(VI) concentration
of 0.035 mg L~! may originate from the reduced driving force. The final U concentration upon
treatment of contaminated waters with Co = 0.035 mg L~! and 3 mg L~! by GO-MIL-101(Fe) can reach
the requirement of the Chinese National Emission Standard (0.05 mg L~!) for discharged water and
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the US Environmental Protection Agency (EPA) (0.03 mg L) for potable water. This result indicated
that application potential of as-prepared composite samples in the treatment of U contaminated
water in a specific concentration range. Due to the highest adsorption percentage in the whole pH
range, GO-15 MIL-101(Fe) was selected as the model sorbent for further adsorption experiments.
Moreover, the deprotonating condition of surface functional groups can greatly affect the performance
of adsorbents. Figure 4b displayed the surface charge information of the GO-MIL-101(Fe) composites
and pure MIL-101(Fe). All the samples showed a decreasing trend from positive charges with pH value
increased in the range of 2.0-11.0. The positive zeta potential originated from protonation of amine
group in the organic linker of MIL-101(Fe), which were the dominant components of the composite
samples. Compared with pure MIL-101(Fe), the composite samples had a lower zeta potential due
to the introduction of GO. At each pH, GO15-MIL-101(Fe) exhibited the most negative zeta potential.
The isoelectric point of GO-15MIL-101(Fe) appeared at the lowest pH. The zeta potential result of
as-prepared samples agreed well with the effect of pH on the adsorption efficiency of the samples
towards U(VI). For GO15-MIL-101(Fe), the surface negative charging greatly improved with the
dissociation of oxygenated groups on GO nanosheets in the pH range of 3.0-7.0, which favored the
adsorption of U(VI) cations. As shown in Figure 54, negative charged UO»(OH),2~ would dominate
in aqueous solution with pH > 9.0 [17]. The repulsion between the UO,(OH),>~ species and the
composite gave rise to the decreased adsorption efficiency at high pH value. The change of adsorption
percentage with pH indicated the importance of the electrostatic interaction in the uptake of U(VI)
on the composite. Considering the dispersibility of the composite and adsorption performance of
adsorbents as well as the interference of complex hydrolysis product such as UO,(OH), precipitate
at higher pH, a pH of 5.5 was used as the condition for the adsorption experiments. Furthermore,
both samples presented improved adsorption efficiency towards U(VI) with the adsorbent dosage
increasing (Figure 4c). The increasing trend can be attributed to increased adsorption sites introduced
as the addition amount of adsorbents become larger. Further increasing the adsorbent dosageto 1 g
L~! gives rise to an adsorption percentage of 96%. Satisfying the treatment result can be achieved
either by increasing the adsorbent addition or the adsorption steps. On the other hand, the dependence
of adsorption performance on the ionic strength was investigated to eValuate the application potential
of adsorbents. It is shown in Figure 4d that the amount of U(VI) adsorbed on GO-15MIL-101(Fe)
fluctuated slightly in the range of 5% as the concentration of NaNOj increased, while that of pure
MIL-101(Fe) showed an overall decreasing trend. Therefore, the uptake of U(VI) on GO-15MIL-101(Fe)
is controlled by inner-sphere surface complexation [8,64].

To eValuate the removal rate of uranyl ions on the MIL-101(Fe) and composite samples, the
adsorption percentage of U(VI) under different times was monitored. Figure 4e showed that both
GO-15-MIL-101(Fe) and MIL-101(Fe) exhibited a rapid increasing adsorption percentage of U(VI) in
the first 30 min and achieved it in 60 min. In comparison with the composite sample, the adsorption
efficiency of MIL-101(Fe) had much lower equilibrium adsorption efficiency (~26%). In order to further
understand the adsorption process, the adsorption kinetics were simulated by a pseudo-first-order
(Equation (3)) [65] and the pseudo-second-order models (Equation (4)) [66]:

Pseudo-first-order model:

In(ge —q¢) = Inge —kat @)

Pseudo-second-order model: ; 1 .

o kg g

In Equations (3) and (4), 4; and g, are the adsorption amount at time t and equilibrium, respectively.

k1 and k; correspond to the rate constants for the pseudo-first-order model and pseudo-second-order
model, respectively. The kinetic plots of uranyl ions on both MIL-101(Fe) and the composite sample
can be better fitted by the pseudo-second-order model with the correlation coefficients (R?) close to
1 (Table 1). This was also confirmed by the almost linear plots of t/g; as a function of t (Figure 4f).
Therefore, chemisorption is one of the rate-limiting processes in the adsorption kinetics of U(VI) on

4)
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GO-15-MIL-101(Fe). Moreover, the diffusion of U(VI) onto the surface of adsorbent also affected the
adsorption kinetics. The more rapid adsorption performance of GO15-MIL-101(Fe) in comparison with
MIL-101(Fe) may arise from the meso-macroporous structure and enlarged mesopore distribution,
which served as an efficient ion diffusion channel.
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Figure 4. (a) The adsorption efficiency of the MIL-101(Fe) and GO-MIL-101(Fe) composite towards
U(VI) as a function of pH (Cp = 10 mg L™, T=298 K, m/V = 0.2 g L', and Inano, = 0.01 M), (b) the
effect of pH on the zeta potential of the GO10 (15, 20)-MIL-101(Fe) composite and MIL-101(Fe),
the effect of (c) adsorbent dose and (d) ionic strength on the adsorption efficiency of MIL-101(Fe)
and GO15-MIL-101(Fe) composites. (e) The amount of uranyl ions adsorbed on MIL-101(Fe)
and GO15-MIL-101(Fe) composites under different contact times. The experimental condition
is Co =10 mg L™!, pH =55, T =298 K, m/V = 02 g L1, and Inano, = 0.01 M for (b-e).
(f) pseudo-second-order simulation result for the adsorption of the U(VI) on MIL-101(Fe) and
GO15-MIL-101(Fe) composites.

Table 1. The kinetic parameters for U(VI) adsorption on MIL-101(Fe) and GO15-MIL-101(Fe).

. Pseudo-First-Order Pseudo-Second-Order

C, L™

0 (mg ) kq (min—1) g (mg g’l) R2 k(g mg’1 min—1) g (mg g’l) R2
MIL-101(Fe) 0.361 18.40 0.577 0.0485 18.88 0.999
GO15-MIL-101(Fe) 0.179 36.93 0.961 0.0117 38.46 0.999

The real uranium-contaminated water always had several coexisting ions which could interfere
with the adsorption of uranium on the adsorbents. Therefore, the adsorption percentage of uranyl
ions on MIL-101(Fe) and the composite was monitored to eValuate the effect of various cations and
anions (Figure 5a,b). According to the statistics shown in Table S3, GO15-MIL-101(Fe) showed an
overall improved adsorption performance in comparison with MIL-101-(Fe) under different coexisted
anions and cations. Especially, the adsorption of U(VI) on the composite samples was less suppressed
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in the presence of Ca?* and CO32~, while that for MIL-101(Fe) was largely reduced. Several studies
have eVidenced that in the presence of Ca?* and dissolved CO32~, the formation of Ca,UO,(CO3)3 (aq)
can decrease the adsorption of U(VI) on adsorbents [67]. eVen in aqueous solutions without Ca?*,
the existence of CO3%>~ with the concentration of 10 mM can greatly influence the speciation of
U(VI) [68]. (UO,CO3(aq)) become dominant U(VI) species at pH = 5.5, leading to the decreased
adsorption capacity. The slightly affected performance of GO15-MIL-101(Fe) indicated that the
synergistic effect between GO and MIL-101(Fe) could greatly improve the capability of the adsorbents
in resisting the interference of coexisted ions. The high retention of adsorption efficiency in simulated
groundwater and surface water (Figure 54) indicated the potential of GO15-MIL-101(Fe) in uranium
elimination from various wastewaters.
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Figure 5. The effect of different (a) cation ions and (b) anion ions on the amount of adsorbed U (VI) on
MIL-101(Fe) and GO15h-MIL-101(Fe) composites (Cp = 10 mg Lt pH=55T=298K m/V=02g Lt
and Inano, = 0.01 M), (¢) comparison of adsorption isotherms of MIL-101(Fe) and GO15-MIL-101(Fe)
composites, and (d) adsorption isotherms of GO15-MIL-101(Fe) composite under different temperature
(T=298K,313K,328K, pH =5.5,m/V =02gL"!, and INano, = 0.01 M). The solid and dashed lines
represent the Langmuir model and Freundlich model, respectively.

The maximum adsorption capacity of MIL-101(Fe) and composite samples were determined by
plotting the adsorption isotherms (g, vs. C,) under pH = 5.5 and T = 298 K. Figure 5c indicated that
with the increasing of equilibrium U(VI) concentration, the equilibrium adsorption capacity increased
rapidly at first and then reached a saturated value. Obviously, the GO15-MIL-101(Fe) composite
possessed much higher adsorption capacity than pure MIL-101(Fe). The adsorption isotherms
were simulated through the Langmuir model (Equation (5)) and Freundlich model (Equation (6)).
The Langmuir model describes monolayer adsorption onto the homogeneous surface with equivalent
active sites. In contrast, the Freundlich model refers to multilayer adsorption on a surface with a
heterogeneous surface.

o bgmaxCe
o = ©)
ge = KpCy/™" ®)

where gyayx refers to the maximum adsorption capacity, b is the Langmuir constant (L mg™1),
Kr and np represent the Freundlich constants corresponding to the capacity and intensity of
adsorption, respectively. As listed in Table 2, the calculated gy was 106.89 mg g~! for the
GO15-MIL-101(Fe) composite, which was much larger than that of MIL-101(Fe) (68.93 mg g_l),
respectively. The larger value of R? indicated that the Langmuir model fitted the adsorption
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isotherms of both the GO15-MIL-101(Fe) composite and MIL-101(Fe) better than the Freundlich model.
This analysis confirmed the monolayer adsorption nature of the U(VI) adsorption on the samples.
As summarized in Table S3, the GO15-MIL-101(Fe) composite an exhibited competitive adsorption
capacity achieved from the facile one-pot synthetic process in comparison with other adsorbents.

Table 2. The simulated adsorption isotherm parameters of U(VI) on MIL-101(Fe) and GO15-MIL-101(Fe)
composites at 298 K.

Langmuir Freundlich
T (K)
Gmax (mg g™h) b(Lmg™1) R? Kr (mol' ™ LM g~ 1) n R?
MIL-101(Fe) 68.93 0.053 0.991 7.66 2.03 0.969
GO15-MIL-101(Fe) 106.89 0.132 0.989 24.96 2.824 0.973

As shown in Figure 5d, the thermodynamics of U(VI) adsorption on the GO15-MIL-101(Fe)
composite was studied based on the adsorption isotherms at different temperatures. The fitted
parameters based on Equations (5) and (6) are listed in Table 3. Clearly, gy became larger with
temperature, indicating that the adsorption of uranyl ions on GO15-MIL-101(Fe) was endothermic [69].
To eValuate how temperature affects the adsorption process, the thermodynamic parameters including
the Gibbs free energy change (AGY), the enthalpy change (AHY), and the entropy change (AS%) were
achieved from the following equations:

AG? = —RTInK® )
ASY  AHO
0_ =22 2
In K™= R RT ®

Firstly, K9, the equilibrium constant, was obtained from plots of InK; as a function of C, while
extrapolating C, to zero (K; = COC;LC" x V) based on the experimental data. AG” under different
temperatures can be further achieved from Equation (7). Figure S5 showed a good linear relationship
between In K® and 1/T for GO15-MIL-101(Fe). The slope and intercept corresponded to AH? (k]
mol~!) and AS? (J mol~! K1) of the adsorption, respectively. The negative AG and its increased
absolute value, as well as the positive AH?, illustrated that the uptake of U(VI) by GO15-MIL-101(Fe)
was spontaneous and endothermic (Table 4). This result manifested that the adsorbed heat for U(VI)
dehydration was larger than the energy which was released from the process of uranyl ions binding on
the surface of the adsorbents. The positive ASY (104.34T mol~! K~1) and very negative AG? indicated
the strong interaction between the GO15-MIL-101(Fe) and U(VI).

Table 3. The simulated adsorption isotherm parameters of U(VI) on GO15-MIL-101(Fe) composite.

Langmuir Freundlich
T (K) 1 1 2 1 1 2
Gmax (mg g~ 1) b(Lmg™") R Kp (mol' ™ L" g~ 1) n R
298 106.89 0.13 0.989 24.97 2.82 0.973
313 110.15 0.17 0.988 28.85 2.96 0.901
328 133.83 0.14 0.986 32.20 2.85 0.929

Table 4. The thermodynamic parameters for U(VI) adsorption on and the GO15-MIL-101(Fe) composite.

AG? (kJ mol~1)
Adsorbents AH? (IJ mol~1) AS? (J mol~' K~ 1)
298 K 313 K 328 K

GO15-MIL-101(Fe) —23.16 —24.71 —26.29 7.96 104.34

The application potential of GO15-MIL-101(Fe) was investigated through several cycles of
regeneration and reusing experiments. The low adsorption efficiency of GO15-MIL-101(Fe) under
pH < 3 indicated that U(VI) ions may desorb from adsorbents by decreasing the solution pH.
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Therefore, nitric acid was used to desorb the uranyl ions in the regeneration experiment. As shown
in Figure 6, GO15-MIL-101(Fe) showed the negligible reduction of adsorption efficiency in the first
two reabsorption process. The adsorption decay became obvious after 4 cycles but gradually became
steady in further tests. The performance decrease may arise from the incomplete desorption of uranyl
ions and the partial aggregation of the composite sample (Figure S7). Because of the growth of
MIL-101(Fe) on the surface, the aggregation did not deteriorate further, giving rise to the gradually
steady reusing performance. After 8 cycles the samples still maintained ~75% of the original adsorption
efficiency. The results implied that GO15-MIL-101(Fe) was a promising composite adsorbent with a
good reusability.

100

1 2 3 4 5 6 7 8
Cycle number

Figure 6. The recycling performance of GO15-MIL-101(Fe) in the removal of U(VI) from aqueous
solution (Cp=10mg L}, pH=55,T=298K,m/V =02g L™}, and Inano, = 0.01 M).

4. Conclusions

To conclude, the GO-MIL-101(Fe) sandwich composite was synthesized through a facile in situ
growth method. By changing the amount of GO precursors, the size and distribution density of
MIL-101(Fe) in the composites were easily tuned. Notably, batch adsorption experiments showed that
GO-15-MIL-101(Fe) possessed superior adsorption performance with enhanced adsorption efficiency
and improved adsorption capacity (106.89 mg g*1 at pH = 5.5, T= 298 K) compared with raw
MIL-101(Fe) (68.93 mg g{1 at same condition). The uptake of U(VI) by GO15-MIL-101(Fe) was
realized through the inner-sphere surface complexation as well as electrostatic interaction. FT-IR
and XPS analysis illustrated the importance of the synergistic effect between GO nanosheets and
MIL-101(Fe) octahedrons on the resultant adsorption performance. Moreover, the good reusing
capability of GO15-MIL-101(Fe) indicated the application potential of such a composite material.
Therefore, this work provided an effective route to design advanced composite adsorbents with
satisfying radionuclide uptake ability by giving play to the functionality of individual components.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2076-3417/8/11/2270/s1,
Table S1: Composition of groundwater and surface water used to eValuate the adsorption of U(VI) on
GO15-MIL-101(Fe), Figure S1: XRD pattern of as-prepared MIL-101(Fe) and GO-MIL-101(Fe) composite, Figure
S2: Nitrogen adsorption-desorption isotherm and pore size distribution of (a) and (b) MIL-101(Fe), (c) and
(d) GO15-MIL-101(Fe), Table S2: Summary of surface area and pore volume obtained from N, adsorption
isotherms, Figure S3: The adsorption efficiency of GO15-MIL-101(Fe) towards U(VI) at different initial U(VI)
concentrations (0.035 mg L™!, 1.3 mg L™, 3 mg L~! and 10 mg L~'). The inset numbers represent the
adsorbent dosage, Figure S4: U(VI) speciation based on Visual MINTEQ program in the experimental adsorption
solution ([U(VI)] = 10 mg L~1, I =0.01 mol L~! (NaNOj3), and T = 25 °C), Table S3. Comparison of the
adsorption efficiency of GO15-MIL-101(Fe) and MIL-101(Fe) under different coexisted ions with that in the
absence of these ions, Figure S5: The adsorption efficiency of GO15-MIL-101(Fe) towards U(VI) in deionized
water (pH = 5.5), simulated surface water (pH = 7.9) and simulated groundwater (pH = 8.0) at T = 298 K,
and Cg = 10 mg L™, adsorbent concentration = 0.2 g L=, Table S4: Comparison of the adsorption capacity of
GO-MIL-101(Fe) composite towards U(VI) with other adsorbents, Figure S6: The plot of InKj to 1/T of U(VI)
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adsorption onto GO15-MIL-101(Fe). Figure S7: The morphology of regenerated composite sample after 4 cycles,
scale bar =1 pm.
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Abstract: In this study, the tribological behavior of both liquid (oil) and semi-liquid (grease) lubricants
enhanced by multilayer graphene nano platelets and titanium dioxide nano powder was evaluated
using ball-on-disk and shaft-on-plate tribo-meters. Oil samples for both 2D graphene nano platelets
(GNP) and titanium nanopowders (TiNP) were prepared at three concentrations of 0.01 %wj/w, 0.05
Y%w/w and 0.1 %w/w. In addition, 0.05% w/w mixtures of GNP and TiNP were prepared with three
different ratios to analyze collective effects of both nano additives on friction and wear properties.
For semi-liquid lubricants, 0.5% w/w concentrations were prepared for both nano additives for
shaft-on-plate tests. Viscosity and oxidation stability tests were conducted on the liquid-base
lubricants. Nano powders of both additive and substrate were analyzed using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). In addition, Raman spectroscopy was
conducted to characterize the graphene and titanium dioxide. The study shows that adding graphene
and titanium dioxide individually sacrifices either the wear or friction of lubricants. However, use of
both additives together can enhance friction resistance and wear preventive properties of a liquid
lubricant significantly. For a semi-liquid lubricant, the use of both additives together and individually
reduces friction compared to base grease.

Keywords: titanium dioxide; graphene; grease; base oil; friction; wear

1. Introduction

Increasing demand for resources gives us an opportunity to concentrate on sustainable
development, and this is not possible without considering all the aspects associated with a system.
For automobile and mechanical industries where mating surfaces are used to transfer maximum
energy, it is important to reduce both wear and friction, which results in less energy consumption and
longer functional life for moving mechanical components in machinery [1]. This can be achieved by
making surfaces frictionless or by developing better lubricants that do not just control friction and
wear but reduce clotting, oxidation, foaming, and corrosion problems in hydraulic systems [2].

Advancement in nano technology allows researchers to implement different manufacturing
processes and evaluate applications of nano materials in a variety of fields. In the past researchers have
tried nano additives such as metal [3], metal oxide and sulfide [4,5] organic-inorganic material [6],
carbon based materials [7-9], and ionic materials [10] in different lubricants. These additives have
shown positive effects on lubrication characteristics due to high surface area, higher diffusion rate, and
small particle size. A higher diffusion rate allows lubricants to reduce micro friction, which leads to
reduced wear and heat concentration in machining processes [11].
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Titanium and its oxides from macro to nano scale are widely used by different industries because
of their high strength, corrosion resistant nature, bio compatibility, and cost effectiveness [12,13].
For example, titanium powder is used by the marine, aeronautical, chemical, paint, and machinery
industries to prevent rust and improve strength without adding more weight to the structure [12,14].
Sunscreen lotion contains a high amount of titanium dioxide to protect the skin from UVB and
UVA2 rays [14,15]. However, titanium has a bad reputation in terms of sliding tribology, due to
unstable friction and wear, and higher chances of seizing [12,13]. As per stability tests and microscopy
findings, 36% of nano particles should be smaller than 100 nm for high dispersibility in the water [15].
In addition, studies show that TiNP produces thick and rutile film on the substrate, which can be used
for rustproofing applications in tribology [16].

Graphene allotropes are joined in hexagonal shapes, which are basic structures to form carbon
based materials. Carbon based materials are synthesized in versatile structures with different physical
and chemical properties; thus, they have the potential to be used for different applications such as
energy storage, sensors, cancer phototherapy, and electromechanical devices [17-20]. Graphene can
be produced by different methods such as chemical reduction and thermal treatment by Hummer’s
method [21]. However, in all these methods, there is a possibility of damaging the lattice of the
carbon. Also, using toxic oxidizers can result in negative effects on the environment and increase
fabrication costs. Finally, greater lattice defects from graphene can have adverse effects on tribology
improvement [22]. Studies have proven that graphene multilayer nano additives can be used in engine
oil, bentone grease, and hydraulic applications to improve tribological and thermal properties [23-25].
However, graphene produced using different methods has shown diverse effects as a tribo improver.

In this paper, the tribological effects of graphene nano platelets (GNP) and titanium nanopowders
(TiNP) individually and together on the friction and wearability of both liquid and semi-liquid
lubricants were studied. In the first phase, the liquid-base lubricants were tested at 0.01% w/w, 0.05%
w/w, and 0.1% w/w concentrations for each additive. It was found that GNP plays an important role in
controlling the coefficient of friction (COF); however, adding TiNP results in lower wear under test
conditions. Graphene and titanium dioxide were then added together in different ratios at a total
concentration of 0.05% w/w to understand the effects of the two combined additives on liquid base
tribology. For semi-liquid lubricant samples, nano additives were used at a high concentration of
0.5% w/w for each individual nano powder. Both additives were mixed together in the same way for
the liquid lubrication samples. Along with tribological characterization, physical properties such as
viscosity and oxidation stability were tested for liquid lubricants. Our results from tribology tests
including pin-on-disk and plate-on-shaft tests show that combining both GNP and TiNP can be useful
for controlling both COF and wear. The results are based on test conditions, however, the concept can
be used for synthetic forms of lubricants with enhanced wearability and controlled friction according
to the application requirements.

2. Experimental Methods
2.1. Materials and Sample Preparations

2.1.1. Synthesis of Graphene and Titanium Dioxide

Two-dimensional (2D) graphene nano-platelets (GNP) were synthesized from aqueous graphite
in the presence of lysozyme [26]. To prepare graphene, graphite powder and protein were mixed and
sonicated for 6 h to get a higher dispersibility. End product powder was collected and centrifuged
to remove un-exfoliated graphite and collect smaller sheets of graphene. Lysozyme graphene is pH
sensitive, and this can be useful to prevent conglomeration of graphene in the base oil. Titanium
dioxide nano powder was obtained from Sigma-Aldrich. Transmission electron microscopy (TEM)
revealed the size of the nano particles to be around 21 nm. The white powder of titanium dioxide had
a surface area of 35-65 m?/g. Trace metal analysis of the nano powder discloses 99.5% purity.
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2.1.2. Nano Lubrication Preparation

Pure oil provided by Petro Canada Inc. was used to prepare the liquid base lubrication samples.
Crystal clear oil has 99.9% purity (Product code: N200MHT). The pour point and flash point (method:
Cleveland open cup) of the base oil was found to be —18 °C and 240 °C. The density of base oil
was 0.865 kg/L. The GNP and TiNP were mixed at three different concentrations of 0.01%, 0.05%,
and 0.1% into the base oil using a mechanical mixer at 1500 rpm for 30 min for homogeneous
dispersion. TINP and GNP were added in three ratios at 0.05% w/w concentration as shown in Table 1.
The mechanical mixer was cleaned after each use. Samples were ultrasonicated for 30 min at room
temperature to break the conglomeration of nano platelets.

Table 1. Sample characteristics of liquid base lubricants (liquid nano lubricants).

Characterization Weight Concentration Type of Additive in a Base Oil (99.9% Pure)

S-1 0.01% w/w Graphene

S-2 0.05% w/w Graphene

S-3 0.1% w/w Graphene

S-4 0.01% w/w Titanium dioxide

S-5 0.05% w/w Titanium dioxide

S-6 0.1% w/w Titanium dioxide

S-7 0.05% w/w Graphene (50%) + Titanium dioxide (50%)
S-8 0.05% w/w Graphene (25%) + Titanium dioxide (75%)
S-9 0.05% w/w Graphene (75%) + Titanium dioxide (25%)

The semi-liquid lubricant (grease) used in this study was commercially available white grease
(National Lubricating Grease Institute (NLGI) grade-2), which can be used for applications such as
automotive industries and marine and farm equipment. The temperature capability of this grease is
between -15 °C and 120 °C. Grease samples were rigorously prepared at 0.5% concentration as per
literature review using a magnetic mixer and were also ultrasonicated for 30 min at 120 °C (Table 2).

Table 2. Sample characterization of semi-liquid lubricants (grease nano lubricants).

Characterization Weight Concentration  Type of Additive in Grease (Commercial Grease)
G-1 0.5% w/w Graphene
G-2 0.5% wfw Titanium dioxide
G-3 0.5% wjw Graphene (50%) + Titanium dioxide (50%)
G-4 0.5% w/w Graphene (25%) + Titanium dioxide (75%)
G-5 0.5% wfw Graphene (75%) + Titanium dioxide (25%)

2.2. Characterization

2.2.1. Raman Test

Nondestructive Raman spectroscopy tests were conducted using a Renishaw Raman imaging
microscope System 2000 (Raman lab at UOIT, ON, Canada). To obtain the most intense excitation
peaks, a 514 nm wavelength laser was used. Each test was conducted at 0.5 W power for 10
accumulations. Statistical analysis was performed to characterize the multilayer graphene and
annealed titanium dioxide.
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2.2.2. Viscosity

Kinematic viscosity tests were conducted as per ASTM D445 at Kinectrics, Toronto, Ontario,
Canada to obtain data that can be compared to commercial oil. From the kinematic viscosity obtained
at 40 °C and 100 °C, the kinematic viscosity index was calculated. For the viscosity test, the oil was
kept in a calibrated glass container overnight to get it settled and afterward the change in viscosity was
evaluated in a 40 °C and 100 °C warm bath.

2.2.3. Rotating Pressure Vessel Oxidation Test (RPVOT)

Anti-oxidation tests were conducted as per ASTM standard D2272 at Kinectrics to evaluate
the effect of different nano additives on lubricant oxidation stability. Oxidation stability is directly
proportional to the service life of the lubricant, and this can have a greater effect on the sustainability
and economics of an industry. To perform the test, lubricant, water, and copper catalyst were placed
in a pressurized gauge. Oxygen was then injected into the vessel at 620 kPa. The temperature was
elevated to 150 °C and the vessel was rotated at 100 rpm. The total time was calculated between the
pressure drop from 620 kPa to 24.5 kPa, which is noted as oxidation time in minutes.

2.2.4. TEM and SEM

Transmission electron microscopy (TEM) was conducted at The Hospital for Sick Children (Sick
Kids), Toronto, Ontario, Canada to understand the morphology of the material at higher magnifications.
The samples were prepared using epoxy material and sliced into 90 nm slices using a diamond knife.
Morphology images were captured at Sick Kids. A detailed examination of worn disk scars was
performed using scanning electron microscopy (SEM).

2.2.5. Ball-on-Disk Test

Friction and wear tests were conducted using the ball-on-disk tribometer under in situ conditions
at Nanovea. To evaluate the effect of nano additives under loading conditions, a 20 N load was applied
to the pin. Each test was conducted for 20 min, during which the speed of the disk was increased from
0.01 rpm to 150X rpm logarithmically. Wear track diameter was found to be 20 mm when the ball
diameter was 6 mm. In addition, the test temperature was maintained at 24 °C and humidity was kept
to 40% for all the tests to overcome the environmental effects on the lubricants. To calculate the wear
rate, hole volume analysis was performed in situ conditions. Surface structure was analyzed as per
1SO 25178 standard.

2.2.6. Shaft-on-Plate

Grease samples were studied for friction behavior with and without the presence of nano additives
using the shaft-on-plate tribo tester at UOIT, Ontario, Canada. Two plates were forced from both sides
of the rotary shaft to evaluate the friction coefficient at 30 N load. Friction force was obtained along
with the time. Each test was conducted at room temperature for 20 min.
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2.2.7. Statistical Analysis

Statistical analysis was conducted using Microsoft Excel software to maintain the authenticity of
data. Moreover, 5% error was considered for TEM particle size diameter calculations. To compare and
analyze the significance of various process groups, one-way ANOVA was utilized. For dimensional
characterization of nano particles, 20 measurements were conducted using Image J software. All the data
and results shown in this study demonstrate statistical significance unless it has been stated otherwise.

3. Results

3.1. TEM Analysis

Graphene and titanium dioxide powders tend to conglomerate; thus, when imaging the GNP
and TiNP, epoxy was used to mold the powder. Nano-sliced pieces of the epoxy were observed under
transmission electron microscopy (TEM) at 25.0 kx magnification of 1 um size. Figure 1A is a TEM
image of GNP, which discloses a 2D structure with multiple layers. In Figure 1B, the titanium dioxide
shows round particles conglomerated in the small chains. Figure 1C indicates the mixed form of
graphene and titanium dioxide, demonstrating how titanium particles stick to the graphene surfaces,
which motivated us to investigate the tribological properties of both additives together.

Figure 1. TEM images of (A) graphene, (B) titanium dioxide, and (C) graphene and titanium dioxide

mixed together in powder form at 1 um scale and 25.00 kx magnifications.
3.2. Raman Results

Raman spectroscopy allows us to determine the characteristics of the nano additives used in
this research. It identifies defects in the carbon lattice by generating different intensity peaks using
nondestructive methods. As illustrated in Figure 2, Raman spectroscopy illustrates the main peaks
at different wavelengths of ~1354 cm™! (D band), ~1581 cm™~! (G band), and ~2719 cm~! (2D band).
The sp? D carbon mode requires defects for activation which is illustrated by the D band intensity.
In addition, the narrow G band demonstrates that optical Ey; phonons are in the Brillouin zone due
to stretching in sp? chains, bond, and rings. The D + D’ peak at ~2959 cm™! shows the exfoliation of
graphite. The intensity ratio at the D and G bands is important to understand the transformation of
sp® to sp? conversion of carbons; further, it is directly proportional to the defect rate. This graphene
sample, Id/Ig is 0.153, is very low compared to restored graphene, proving that this graphene has very
few defects in the carbon lattice [27,28]. Along with that, lower D band intensity, with respect to G
band, support less lattice defect in graphene layers [29].
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Figure 2. Raman spectroscopy of graphene nano particles.

Titanium dioxide nano powder was investigated by the Raman technique as demonstrated in
Figure 3. The powder generates a primary peak at ~144 cm™! and secondary intensity peaks at
~199 em™1, ~397 ecm™1, ~516 cm ™1, ~638 cm ™!, which is associated with different modes of energy such
as Eg (strong), Eg (weak), By, Ajg + Byg, Eg (intermediate), respectively [30]. These peaks represent
the characteristics of the anatase phase of titanium dioxide nano particles.
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Figure 3. Raman spectroscopy of titanium dioxide nano particles.

3.3. Kinematic Viscosity

To compare the effects of different concentrations and types of nano additives in liquid base
lubricants, kinematic viscosity tests were performed as per ASTM standards. Kinematic test results
disclose the viscosity of nano lubricants at 40 °C and 100 °C. The resistance of lubricants to changes
in temperature (viscosity index) is important to improve hydrodynamic lubrication regimes at large
temperature ranges. As per the base oil data sheet provided by Petro Canada, viscosities at 40 °C and
100 °C are 41.5 mm?/s and 6.3 mm?/s, respectively. The calculated viscosity index for base oil is 98.
However, results shown in Figure 4 prove that there is no difference in viscosity at both temperatures,
nor in the viscosity index except S-3. Results demonstrate that improvement in tribology applications
does not lead to sacrifices in physical properties.
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Figure 4. Viscosity index (A) and Kinematic viscosity (B) of liquid lubricants.
3.4. RPVOT

Anti-oxidation capabilities of lubricants were evaluated using the rotating pressure vessel oxidation
test (RPVOT) as per ASTM standards. For sustainable improvement, it is important to consider the
lubricant’s service life, as lubricants that are not antioxidant can start causing cavitation in the system,
which requires changing parts and lubricant. This damages the economic performance of the industry
and generates environmental waste. As shown in Figure 5, there is no significant difference in oxidation
time using these additives compared to base oil oxidation time. Base oil has shown oxidation time as
27.1 min under the same conditions. This proves that except for S-1, S-3, and S-6, all other samples
increase oxidation stability, which allows the lubricant to have a longer service life. Test results
conclude that this additive will not damage the economic performance of industries if it is added to
the lubricant.
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Figure 5. Rotating pressure vessel oxidation test (RPVOT) anti-oxidation test.

3.5. Friction and Wear of Liquid Base Lubricants

To obtain comparative data about the tribological effects of GNP and TiNP additives to fluid
lubricants, friction and wear tests were conducted using a pin-on-disk tester. For semi-liquid
samples (grease), a shaft rotatory shaft-on-plate test was used as described in the experimental setup.
For liquid base lubricants, anti-scuffing and friction coefficients were calculated using in situ conditions.
As demonstrated in Figure 6, a higher concentration of graphene nano additives reduces the friction
coefficient; however, wear preventive properties are sacrificed. Comparing titanium dioxide with
graphene illustrates that it can significantly lower the wear; however, a higher concentration of TINP
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additive does not significantly affect wear preventive properties. As explained, a 0.05% concentration
reveals less friction for the graphene sample. For titanium, it has lowered wear, which led us to prepare
the 0.05% concentration using three different weight ratios of the additive. As illustrated, S-8 shows a
lower friction coefficient and S-9 proves the lowest wear.
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Figure 6. Friction coefficient and wear data (method for normalization: Z-score).

The results of the liquid lubricant samples enhanced by GNP and TiNP were compared separately
at different concentrations. In addition, the S-2 and S-4 nano additive concentrations were found
comparatively effective for hybrid nano additives of GNP and TiNP; thus, three ratios and nano
additives at this concentration (0.05%) were prepared and tested. The results displayed in Figure 6
manifest that GNP has a higher wear rate compared to the coefficient of friction. However, the TINP
samples reveal a lower wear rate and higher friction coefficient. This motivated our research to
evaluate the tribological effects of these additives together. 5-8 illustrates moderate wear as well as
friction. Along with that, S-9 shows the lowest wear but is compromised by friction. In addition, S-7
demonstrates better control on wear but it gains higher friction.

3.6. SEM Microscopy

Analysis of the worn disk helps us to understand the difference in the wear characteristics of
different nano additives to lubricants. Disk wear track was evaluated at the 40 um resolution and 1500
kx magnification in a low vacuum chamber using SEM as revealed in Figure 7. The worn surface of S-1
reveals that abrasive and adhesive wear can be seen from surface damage. This can be the result of
debris penetration at the contact patch, which leads to the generation of rough surfaces. 5-2 and S-3
show a higher number of pits on the surface, which can be caused by the micro crack on the substrate
surface. Along with that, these pits cause an imbalance in the elastic hydrodynamic condition which
can also cause corrosion on the surface [31]. Morphology of S-4 and S-6 express smooth wear tracks;
however, longer surface removal marks can be seen, which indicates adhesive wear. In addition, for
S-5 some plastic deformation can be found on the side of the surface. This kind of adhesive wear can
be caused by micro cracks, which enlarge under continuous loading conditions. S-7 shows fatigue
wear where micro cracks enlarge gradually, which causes removal of surface material that can also
be called mechanical pitting. In S-8 and S-9, smooth wear track marks are visible on the substrate,
which displays slight adhesive wear; however, no plastic deformation nor any abrasive wear is seen on
these samples.
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Further investigation of the wear track was conducted when the surface texture was examined
as per ISO standard 25178. Different data were recorded including arithmetic mean height, which
is important for understanding the surface waviness of the scar. As demonstrated in Figure 8, S-1
and S-5 show higher mean height with respect to the other samples, which disclose that larger peaks
and valleys were found on the substrate. S-9 reveals the lowest mean height, indicating a smooth
wear track.

Figure 7. Worn scar evaluation in a low vacuum chamber at 40 um scale using SEM for nine disk samples.
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Figure 8. Arithmetic mean height of wear scar on the disk.
3.7. Frictional Results With Grease

Nano additive grease was tested using the prototyped rotatory plate-on-shaft friction system
at the University of Ontario Institute of Technology. Semi-liquid lubricants (white grease) enhanced
by GNP, TiNP, and a combination of both, were tested at 10 N, 20 N, and 30 N load conditions to
evaluate the frictional properties of the grease. Higher concentrations of nano additives increase the
dispersibility of particles in the grease. Initially, two samples were prepared where 0.5% w/w nano
particles were added. As demonstrated in Figure 9, G1 reduces friction drastically at the 20 N load, the
same as TINP. However, at 30 N it was found that the thickness of hydrodynamic films becomes thinner,
showing the minimal difference between white grease and nano particle enhanced grease. It was
found that G3 (ratio of GNP/TiNP:1) manifests an increment in friction. However, G4 (lower graphene
concentration and a higher titanium dioxide concentration) discloses the highest reduction in friction
at the 20 N load. G5 (higher concentration of graphene and a lower concentration of titanium dioxide)
shows a slight increment in average friction coefficient at the 20 N load. Each test was conducted at
least 3 times and average data were considered to mitigate testing errors. To recapitulate, all 5 nano
grease samples enhance the antifriction properties of the semi-liquid lubricant.
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Figure 9. The average friction coefficient of nano additive grease at 10 N, 20 N, and 30 N normal load.
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4. Conclusions

This study was conducted to evaluate the tribological and physical properties of graphene and
titanium dioxide. Results show positive effects on base lubricants. Both nano additives showed no
negative effect on oxidation life and viscosity; however, both additives reveal modifications in friction
and wear properties. GNPs demonstrate a great control over friction at 0.05% w/w concentration;
however, GNP sacrifices its wear preventive properties compared to titanium dioxide. On the other
hand, titanium dioxide nano particles manifest the highest wear resistivity at 0.1% w/w concentration;
but again, friction is higher compared to the graphene nano particles. However, for mixed nano
additives of GNP and TiNP, it was found that both wear and coefficient of friction (COF) can be
controlled as per application requirements, as S-9, which has a higher concentration of graphene and
lower concentration of titanium dioxide, revealed the least wear. A higher concentration of titanium
dioxide and a lower concentration of graphene showed more control of friction than wear.

For semi-liquid lubricants (white grease), both GNP and TiNP additives manifest lower friction
coefficients (COF). In addition, the amalgamation of both nano additives lower friction compared to
pure grease at the 20 N load. There is not much change in the friction coefficient at the 30 N high load
because of the extremely thin film of grease on the shaft, which does not allow additives to enter the
point of contact. However, at the 20 N load, a higher concentration of GNP and a lower concentration
of TiNP indicates the highest reduction in friction compared to the pure grease.
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