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We report a mesoporous hafnium oxide (MHO) ceramic
synthesized via a sol-gel process that has exhibited 99.9% removal
capacity of crude oil from an oil-in-water emulsion at a
concentration of 3 mg/mL. The as-prepared MHO ceramic was
regenerated after crude oil sequestration via calcination at 800°C
under ambient conditions. The scalability of the synthetic method
and thermal stability of the MHO ceramic material makes it a
promising, underexplored, and reusable adsorbent for efficient oil
spill clean-up.

Water Impact: Dispersants applied after an oil spill convert the
oil on the surface to smaller droplets that travel deeper into the
ocean, causing more damage to wildlife and marine
ecosystems. This work brought to light mesoporous hafnium
oxide (MHO) ceramics as a potential material for adsorption of
crude oil. The MHO ceramics can be thermally regenerated after
adsorption of emulsified crude oil, proving the reusability of the
material as well. This underexplored adsorbent material can
potentially minimize generated waste and associated cost of

cleaning oil spills.

1 Introduction

Oil spills are a serious threat to marine life in an already
vulnerable biosphere. For example, increased CO, emissions
have caused elevated ocean temperatures, leading to coral reef
bleaching and mortality.! Furthermore, local wildlife such as
birds have also been adversely impacted by hypothermia as
their feathers become covered in crude oil.2 Humans can also
be affected by oil spills through respiratory problems, skin
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irritation, and even cancer depending on the length and type of
exposure.3 Over 5 million tons of crude oil are transported
annually by sea, and introduced to coastal waters that are
extremely vulnerable to oil spills. Additionally, waste disposal,
energy sources, accidents, and the production of oil are sources
of water contamination. In 2010, the Deepwater horizon spill
released 5 million barrels of oil worth 6 billion USD.* More
recently, The Sanchi spill in 2018 in East China released ~1
million barrels of oil .5

As a response dispersants such as
hydrophobically modified and halloysite clay
nanotubes’ are sprayed over the spill area to prevent oil from
spreading on the surface. These dispersants are composed of
hydrophilic and lipophilic active sites and surround oil with the
hydrophilic head facing outwards which helps stabilize the oil
into small droplets. This allows for the oil droplets to move
below the surface, making it seem like the surface is clean.
However, this in turn leads to oil sedimentation in the ocean
bed and negatively impacts aquatic life since the oil particles are
not adsorbed by dispersants for subsequent removal.8-11

Adsorption is a preferred clean-up method because it is
affordable, facile, and environmentally feasible.12 There is a
growing interest in the use of sorbent and reusable materials
that are non-toxic to avoid further contamination of water.
Some examples include agricultural waste (banana peels, palm
fiber, rice husks),'2-14 polymeric materials coated on foams and
sponges,15-18 and aerogels made from carbon based materials
such as cellulose! and graphene.?® However, the lack of
mechanical stability of these materials in harsh chemical
environments limits their application.2! Porous metal oxide
ceramic materials such as silica, titania, hafnia, and zirconia are
interesting candidates due to their relatively hydrophilic
surfaces, which gives these materials particular advantages
over hydrophobic ones. Their hydrophilic properties allow
water to permeate, which prevents clogging by viscous and
heavy oils. These materials also prevent the formation of a
water layer under an oil layer as it will allow the water to
permeate.22-24

to oil spills,
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Fig. 1 Three main active sites on the surface of hafnium oxide: Lewis acid site (left),
Bronsted acid site (middle), and Bronsted base site (right).

MHO monoliths with pores of different length scales are an
attractive alternative to particles or pressed pellets, as they are
thermally stable, mechanically robust, and allow for higher
liquid mass transfer than powders.2>-28 The density of the MHO
is slightly greater than that of water 1.1 g/cm3. This
characteristic, in addition to its hydrophilic nature, leads to
strong enough interaction with water molecules to break
surface tension and sink below the surface. This lack of
buoyancy hinders the suitability for using MHO in batch
adsorption experiments, although it is well suited for fixed-bed
filtration experiments.

Hafnium oxide, a group IV transition metal oxide, is
chemically and thermally stable due to the high coordination
number of hafnium. Hafnium can coordinate to seven oxygen
atoms, whereas silicon can only coordinate to four. This high
degree of coordination makes hafnium oxide resistant to
chemical degradation in extreme pH conditions, a highly
desirable property for materials that will be exposed to harsh
oil-removal conditions. Additionally, hafnium oxide contains
three active sites on the surface: Bronsted base sites which
accept a proton in basic media, Bronsted acid sites which
donate a proton in acidic media, and Lewis acid sites originating
from unoccupied hafnium d orbitals as shown in Figure 1. This
broad network of bonding further contributes to the
mechanical strength of hafnium oxide.??

The objective of this study is to investigate the efficiency of
MHO for crude oil removal from crude oil-in-water emulsions.
Sol-gel synthesis has been used for the synthesis of MHO to be
integrated as a filter to sequester crude oil from crude oil-in-
water emulsions in a wide pH range. Liquid aliquots have been
analysed using chromatography and spectroscopy techniques.
Regeneration of the MHO was studied through calcination and
thermogravimetric analysis.

2 Experimental Section
2.1 Chemicals and Materials

Hafnium (IV) tetrachloride (HfCls, 98%), methanol, acetone,
hexanes, and pentane were all HPLC Plus (>99.9%). Sulfuric acid
(95.0-98.0%), hydrochloric acid (HCl, 35.0-37.0%), deuterated
methanol (CD30D), and deuterated chloroform (CDCls) with
tetramethylsilane (TMS) (99.95% + 0.05%) were used as
purchased from Sigma-Aldrich. Poly(ethylene oxide) (MW
100,000) was purchased from Polysciences Inc. Propylene oxide
(99.5%) was purchased from Acros Organics. N-methyl
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formamide (99%) and sodium hydroxide pellets (NaOH, 98%)
were purchased from Alfa Aesar. Light crude oil (APl > 31) was
obtained from an un-disclosed oil refinery within northern
California. Ultrapure water (resistivity >18.2 MQ) used for
synthesis and crude oil water mixes was obtained from a
Thermo Scientific Barnstead E-Pure Ultrapure water purification
system. Various porous materials were purchased for
comparison purposes including melamine sponge (He Andi,
pore size 150 um), Whatman grade 1 cellulose filter paper
(Sigma-Aldrich, pore size 11 um), and a commercial wine filter
(Buon Vino, no.2, pore size 1 um).

2.2 Synthesis of MHO Ceramic Monolith

MHO ceramic monoliths were synthesized using the sol-gel
method.3% Prior to MHO synthesis, 20 mL scintillation glass vials
were treated in sequence with 0.1 M NaOH for 1 hour, 0.1 M
HCI for 1 hour, and Rain-x overnight. After removing the Rain-x,
vials were rinsed with methanol three times and dried in an
Herein, we use hafnium (IV) chloride dissolved in
ultrapure water in the hydrolysis step. N-methylformamide
(NMF) was added as a porogen, to increase the solution pH, and
induce phase separation. Polyethylene oxide (PEO, MW
100,000) was added to create a strong pore network.
Additionally, propylene oxide was added to induce
polymerization, turning the clear liquid to a white gel. The gel
was then aged at 50°C for three days in air. The monolith was
washed with ultrapure water, methanol, acetone, hexanes, and
pentane to remove any excess reagents left after synthesis.
Lastly, the sample underwent heat treatment in air to 700°C
which vyields a crystalline white monolithic ceramic.3° The
melamine sponge, cellulose filter paper, and a commercial wine
filter with the same pore size as MHO were used for
comparison. All materials were tested by vacuum filtration of a
crude oil-in-water emulsion.

oven.

2.3 Structural Characterization of MHO Ceramic

After the synthesis, the crystalline structure and phase purity of
the material was determined by powder X-ray Diffraction (XRD)
using a Bruker D8 Advance diffractometer with Cu Ko radiation
(1.5406 A). Experimentally obtained diffraction patterns were
then compared to literature patterns from the Inorganic Crystal
Structure Database (ICSD) to confirm the structure. The
mesostructure of the material determined by a
Quattro scanning electron
microscope (ESEM). The sample was placed on copper tape and
operated at an accelerating voltage of 10 keV under low
vacuum. The surface of the MHO ceramic was analysed before
filtration, after filtration, and after heating to remove crude oil
(800°C) using Fourier Transform Infrared (FTIR) Spectroscopy.
The Bruker Tensor 27 FTIR was equipped with an attenuated
total reflectance (ATR) pike accessory. The experiment was
performed using 16 scans, a resolution of 2 cm-1, and a spectral
range of 400 - 4000 cm-1. Thermogravimetric Analysis (TGA) was
done using a NETSCH STA 449F3 instrument under high purity
argon. It was heated from 20°C to 800°C at a rate of 3.0 °C/min.

was
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2.4 Oil Sequestration and MHO Ceramic Regeneration

In a typical oil sequestration experiment, crude oil was mixed
with ultrapure water in a vial via sonication (Branson 8800, 40
kHz, ambient conditions) for 30 minutes to prepare the oil-in-
water emulsion (2-3 mg/mL, pH 1, 7, and 13).31 Sodium
hydroxide and sulfuric acid were added to adjust the pH of the
solution before adding the crude oil. The MHO ceramic
monolith (0.2 - 0.4 g) was placed directly under the tip of a
funnel using a shrinking tube as shown in Fig S1a. The funnel
was then placed in a vacuum filtration setup as shown in Fig
S1b. As previously mentioned, the hydrophilic nature of MHO
as well as its bimodal pore network made it an ideal candidate
for filtration of crude oil-in-water emulsions, rather than for
adsorption in a batch-type system. The crude oil-in-water
emulsion was analysed before and after filtration for
comparison. The filtration procedure was repeated with various
porous materials such as melamine sponge, grade 1 cellulose
filter paper, and commercial wine filter. The MHO ceramic was
regenerated after filtration by calcination in air at 800°C for 10
mins.

2.5 Qualitative and Quantitative Analysis of Oil Sequestration

The crude oil-in-water emulsion was analysed for crude oil
concentration before and after filtration using an Agilent 6890
gas chromatograph equipped with a single quadrupole 5973
mass selective detector. In order to prepare samples suitable
for GC-MS the liquids were extracted in pentane. A liquid-liquid
extraction was done using 5 mL of the crude oil-in-water
emulsion before or after filtration with 2 mL of pentane. The
sample was placed in a glass centrifuge tube and centrifuged at
4500 rpm for 30 minutes. The pentane layer was injected in the
GC. Compounds were separated on a Chrompack CP5860 (30 m,
0.25 mm ID, 0.25 um). The chromatograph oven was operated
from 40°C to 300°C rising at a rate of 10 °C/min. Helium was
used as the carrier gas operating at a pressure of 6.7 psi. An
injection volume of 1 pL was used and the injection
temperature was 300°C.32 The mass spectrometer source
temperature was 230°C and the quadrupole temperature was
set to 180°C. The range of ionization was from 50.00 amu to
800.00 amu. The GC provides a qualitative approach to assess
removal Nuclear magnetic resonance (NMR)
spectroscopy was used for quantitation. 1H NMR spectroscopy
was performed on a Bruker 400 MHz spectrometer. Calibrations
were performed with various concentrations of crude oil-in-
water emulsions. 100 plL of the emulsion was added to 695 uL
of deuterated methanol and 5 pL of CDClz with TMS as an
internal standard and mixed well. 400 uL of this matrix is placed
in a 300 MHz Wilmad NMR tube for analysis. A presaturation
method was used to suppress the signal of water and to allow
visualization of the analyte peaks of interest. The area under the
crude oil peaks is used to create a calibration to quantitatively
determine the amount of oil removed by the material. To
calculate the percent removal of crude oil we use the following
equation:

efficiencies.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 a) Free standing MHO ceramic with a diameter of 1 cm, b) SEM image of MHO
ceramic illustrating network of macropores and mesopores, c) XRD pattern with major
diffraction peaks indexed for MHO ceramic (top) overlaid with the published spectrum
for MHO with heat treatment at 700°C (bottom, ICSD Collection Code 27313).

% Removal = x 100

0

Where C, is the initial concentration of crude oil in water before
filtration (mg/mL) and C is the concentration of crude oil in the
filtrate.

3 Results and Discussion
3.1 Crystal Structure and Morphology of MHO Ceramic Monolith

The MHO ceramic monolith obtained after synthesis is shown in
Figure 2a. The size and shape depend on the gelation vessel,
which in this case was a 20 mL scintillation glass vial. Figure 2b
depicts the MHO ceramic bimodal distribution comprised of a
network of macropores and mesopores. The macropores are
interconnected and appear to be approximately 1.0 um in
diameter based on the SEM. The monoclinic crystalline
structure was confirmed by XRD and compared to literature
values as shown in Figure 2c.

3.2 Determination of Oil Concentrations Sequestered

To determine the potential of MHO ceramics to sequester oil
mixtures of 2-3 mg/mL of crude oil in water were prepared.
These concentrations are relevant but slightly higher than

J. Name., 2020, 00, 1-3 | 3
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Fig. 3 a) Image of crude oil-in-water emulsion in vials before and after filtration via MHO
ceramic monolith in neutral pH, b) Overlay GC-MS chromatograms of crude oil-in-water
emulsion before sequestration and recovered liquid after sequestration using grade 1
cellulose filter paper, melamine sponge, commercial wine filter, and MHO ceramic
monolith.

typical oil spill concentrations.33-3% |n Figure 3a, we observe a
significant reduction in turbidity after filtration was performed
using MHO ceramics. GC-MS was used to experimentally
support the observation that the oil-in-water emulsion became
less turbid after filtration. The resulting chromatogram in Figure
3b shows that prior to filtration there are numerous peaks at
different relative intensities corresponding to various
components of the crude oil mainly hydrocarbon chains ranging
from C11 to C34. For comparison purposes, filtration with a
cellulose-based filter paper and a melamine sponge was
performed. As shown in Figure 3b, all crude oil characteristic
peaks were still present after filtrations with each of the
materials at similar retention times but with lower intensities.
Remarkably, filtrations using MHO ceramic and the commercial
wine filter (pore size 1 um) yielded completely clear liquids and
there were no crude oil characteristic peaks which is indicative
of near 100% removal of crude oil. Similar results were observed
with MHO ceramic and the commercial wine filter at extreme
acidic (pH 1) and basic conditions (pH 13) as shown in Fig S2
and Fig S3 respectively. To confirm and quantify this near 100%
removal of crude oil, the liquid samples were analysed using 'H
NMR spectroscopy.

Figure 4a shows the MHO ceramic before sequestration and
Figure 4b shows the MHO ceramic after sequestration in neutral
pH. Figure 4c illustrates the 1H NMR spectra detailing crude oil-
in-water emulsion before and after filtration. From Figure 4c we
observe crude oil signals at 0.9 ppm for alkyl terminal methyl
groups (R-CHs) and 1.3 ppm for alkyl methylene groups (R-CH;-
R) in the crude oil-in-water emulsion before filtration.37.38 After
filtration the peak at 0.9 ppm was no longer present and the
signal at 1.3 ppm showed diminished relative intensity. This
pronounced decrease in relative intensity was determined to
correspond to a 99.9% removal of crude oil from water. The
peak at 1.15 ppm is due to the solvent mixture (Fig S4). Other
1H NMR signals are TMS that appears at 0 ppm and the area
remains the same before and after filtration indicating the
precision of the calibration. Similar results were observed in
extreme acidic (pH 1) and basic (pH 13) conditions using MHO

4 | J. Name., 2020, 00, 1-3

Fig 4 a) Top view of MHO ceramic before sequestration, b) Top view of MHO ceramic
after sequestration of crude oil-in-water emulsion in neutral pH, c) 'H NMR spectrum of
crude oil-in-water emulsion before and after sequestration with MHO ceramic.

ceramic and the commercial wine filter (as shown in Fig S5-S7).
Altering the pH can influence ionization of the contaminant
molecule which can effect sequestration capacities.3® However,
changing the pH did not have an effect on crude oil
sequestration because of the inert nature of crude oil. Crude oil
is mainly composed of long hydrocarbon chains with strong C-C
and C-H bonds which are stable in extreme pH. Furthermore,
these alkanes do not have any hydrophilic or ionizable groups
that can be influenced by change in pH.* Table S1 offers a
comparison between MHO ceramic and the cellulose wine filter,
another ceramic membrane made of TiO,,4! carbon nanotube
based material,*2 magnesium hydroxide formed in-situ,*® and a
polyurethane sponge modified with hydrophobic silica
nanoparticles.’®* MHO and the cellulose wine filter have similar
removal percentages, although the MHO ceramic is a more
promising it can be

option as readily regenerated by

calcination.

3.3 Regeneration of MHO Ceramic Monolith

The reusability of materials used to clean oil spills is imperative,
as it decreases the amount of waste produced during the clean-
up and enhances the effectiveness of the material deployed.
Other materials such as silica-based ceramics** and twisted
carbon fiber aerogels*> have been successfully regenerated to
remove organic contaminants from water by calcination. This is
relatively safer than using harsh and toxic chemicals to clean the
material, as it does not produce excess toxic liquid waste. To
compare the thermal stability and regeneration of MHO
ceramic with the commercial wine filter we performed TGA
experiments after filtration with the crude oil-in-water
emulsion. Both the MHO ceramic and the wine filter were
exposed to 800°C under high purity argon flow. The results of
the TGA are shown in Fig S8a for MHO ceramic and Fig S8b for
the wine filter. The mass loss observed from heating the bare
MHO ceramic before sequestration is 0.3% which is due to the
evaporation of water from the hydrophilic surface. After
sequestration of the crude oil-in-water emulsion we see a mass
loss of 1.3 % which corresponds to the crude oil and some water

This journal is © The Royal Society of Chemistry 20xx
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Fig 5 a) Monodentate coordination of one oxygen atom to one hafnium ion, b)

Bidentate chelating of two oxygen atoms to one hafnium ion, c) Bidentate bridging of

two oxygen atoms to two hafnium ions, and d) ATR-FTIR spectrum of MHO ceramic

before sequestration, after sequestration in neutral pH, and after calcination.

evaporating from the MHO ceramic. In contrast, the mass loss
observed from heating the bare wine filter before sequestration
is 46.1% which is due to the degradation of the wine filter. After
sequestration of the crude oil-in-water emulsion a mass loss of
48.7% is the result of the wine filter burning as it is not stable
under high temperatures. After these experiments, we
observed that the MHO ceramic showed its characteristic white
color, and the wine filter had turned entirely black. To ensure
that MHO ceramic could be regenerated after each filtration
FTIR was done on the surface after calcination to confirm that
oil was no longer present as shown in Figure 5d.

The FTIR peaks present between 400-800 cm represent the
monoclinic hafnium oxide peaks of Hf-O and Hf-O,. During the
initial hydrolysis step of the sol-gel synthesis, N-methyl
formamide undergoes hydrolysis in water to produce formic
acid (HCOOH). As a result, the formato ligands from formic acid
coordinate to the Hf ions. The low intensity peaks in the range
of 1200-1600 cm- observed in the MHO ceramic before oil
sequestration correspond to symmetric and antisymmetric
formato (COO") ligand vibrations on the surface of MHO. The
three possible types of bonding of the formato ligand to the
hafnium ions on the surface of MHO are shown in Fig 5a-c. Fig
5a illustrates a monodentate coordination of one oxygen atom
from the formato ligand to one hafnium ion. Figure 5b is a
chelating of two oxygen atoms to one hafnium ion. Fig 5c is an
example of a bridging of two oxygen atoms to two hafnium

This journal is © The Royal Society of Chemistry 20xx
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ions.*6 The peak at 1300 cm™ corresponds to monodentate
coordination of carbonates as shown in in Fig 5a. The peak at
1600 cm represents bidentate carbonates through either
chelating of two oxygen atoms to one hafnium (Fig 5b) or
bridging of two hafnium with two oxygen atoms (Fig 5c). The
chelating bidentate and bridging bidentate convert to one
another based on the degree of hydration on the surface. The
peak at 2390 cm is identified as CO,. CO; interacts with the
Lewis acid sites on the surface through c-coordination from one
of the lone pairs on oxygen.?” The spectrum from the sample
after filtration has the Hf-O and Hf-O, peaks from the
monoclinic hafnium oxide. The peaks that are present in the
sample after sequestration that are not present after
calcination are the peaks at 1350 cm™ and 1450 cm which
correspond to the C-H deformation vibration and the peaks at
2800 cm and 2900 cm-* which correspond to the C-H stretching
vibration all in aliphatic hydrocarbon chains.*® A detailed FTIR
spectrum of pure crude oil is depicted in Fig S9. The spectrum
after calcination does not show any of the sharp peaks that
were present in the sample after crude oil sequestration. This
further proves that there was no crude oil after calcination and
MHO ceramic can be regenerated. Similar results were
observed in acidic and basic pH as shown in Fig $10 and Fig S11,
respectively.

In this case, we believe that the governing aspect of
adsorption during filtration is the adhesion of the hydrophobic
crude oil to the hydrophilic MHO ceramic.*? Since the solution
at hand is an oil-in-water emulsion coalescence is necessary for
de-emulsification of the mixture. During the coalescence
process the smaller oil droplets attach on to the hydrophilic
surface of the MHO ceramic followed by agglomeration of
larger droplets. The physical force dominating the adhesion of
the hydrophobic crude oil to the hydrophilic MHO ceramic is
most likely Van der Waals (VdW) forces. VAW forces are weak
intermolecular forces resulting from electrostatic interactions
in typically non-attracting molecules due to asymmetric
electronic distributions. Small electronic dipoles are created
which can induce dipoles in complementary surfaces. Larger
molecules have a higher propensity of remaining in the
adsorbed state and that is due to VdW forces. The longer the
chain the more electron clouds that can be distorted and can
interact with the surface of MHO. VdW forces are weak physical
forces which means that the process is reversible. Since no
chemical bonds are formed, regeneration of the MHO ceramic
can be achieved by calcination of the material after crude oil
sequestration as demonstrated herein.>°

Conclusions

An environmentally benign, mechanically stable, and renewable
MHO ceramic monolith was synthesized through a sol-gel
process leading to a crystalline bimodal material with
macropores and mesopores. The monolith showed excellent
adsorption of crude oil from oil-in-water emulsions in acidic,
neutral, and basic pH. The material was regenerated by
calcination to remove crude oil form the surface. Regeneration
of MHO ceramic surface after calcination demonstrates an

J. Name., 2020, 00, 1-3 | 5
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underexplored family class of materials that are robust under
extreme conditions.

Future work for this project will involve development of
Langmuir and Freundlich isotherms. The Langmuir adsorption
isotherm is used to describe adsorption of a monolayer of oil on
a homogeneous surface of an adsorbent. Meanwhile, the
Freundlich isotherm model is used to describe multilayer
adsorption of oil on a heterogeneous adsorbent surface. When
it comes to a complex mixture such as that of crude oil, using
either the Langmuir or Freundlich isotherms is challenging.>?
This is due to the fact that not all components of crude oil obey
these isotherms as single solutes, hence in order to calculate the
constants for each isotherm one would need to be able to
calculate the adsorption coefficient of each solute prior to the
isotherm application.
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