Development of highly efficient, renewable and durable
alginate composite aerogels for oil/water separation

Jiandong Zhuang, T** Juguo Dai,T* Seyed Hamidreza Ghaffar,” Yiyun Yu, Qinfen Tian,? and Mizi
Fan &P
a College of Materials Engineering, Fujian Agriculture and Forestry University, Fuzhou, 350002,
China. E-mail: jdzhuang@gmail.com
b College of Engineering, Design and Physical Science, Brunel University London, UB8 3PH,
Uxbridge, United Kingdom

+ These two authors contribute equally and are co-first authors.



Abstract

To valorize the naturally abundant biomass, bio-composites made of biomass and functional
nano-materials have attracted a great deal of attention. By incorporating alginate with TiO2/RGO
nanocomposites, TiO2/RGO/Alginate composite (TRGA) aerogels are fabricated via a facile
freeze-drying method. TiO2/RGO nanocomposites can effectively improve the surface roughness and
mechanical performance of aeregel alginate-based matrix, and provide the aerogels with light-driven
self-cleaning ability. Without further chemical modification, the as-fabricated TRGA aerogel shows: 1)
collective underwater superoleophobicity (6oii > 150° for various oils), ii) effective oil/water
separation performance (9.76 L-m-s™t water permeate flux and 99.96% separation efficiency) and iii)
excellent light-induced recyclability. With light-driven self-cleaning ability, the continuously
deteriorated separation performance of aerogel can be easily renewed, and maintain an effective
oil/water separation performance even after 120 cycles. Benefiting from its facile fabrication and
excellent properties, the developed aerogel can be a promising candidate for practical oil/water
separation in marine oil spill clean-up applications.
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1. Introduction
The oil spills accidents and oily sewage discharge have caused severe damages to the environment
and ecological system, and effective dealing with these issues has become a matter of global concern
[1-3]. Traditional techniques [4], such as oil skimming, flotation, and mechanical collection, have
always suffered from complicated operation procedures, high energy consumption, and low
separation efficiency. In recent years, functional materials with outstanding wettability have attracted
considerable attention. Generally, the special wettability materials for oil/water separation can be
divided into two categories[5]: (1) superhydrophobic/superoleophilic (oil-removal) materials [6], and
(2)  superhydrophilic/superoleophobic ~ (water-removal)  materials [7]. Among them,
three-dimensional (3D) aerogels, which possess extremely low densities and abundant micro pores,
have been well developed and used as either oil-removal (absorbents) or water-removal (filters)
materials in oil/water separation [8-10]. As compared with the superhydrophobic/superoleophilic
(oil-removal) aerogels, the fabrication process of the superhydrophilic aerogels is far more
convenient, low-cost and environmental-friendly, as there is no need for expensive surface modifying
agents and complicated modification processes [11-14]. However, no matter which kind of aerogels
is used, the continuous decline in service performance (flux and efficiency) seems to be unavoidable
due to the unceasing accumulation of foulants on the surface of aerogels. Therefore, development of
easily fabricated, renewable and high efficient oil/water separation aerogel filters remains a serious
challenge.

Recently, novel superhydrophilic alginate-based composites, using the abundant natural
biocompatible polysaccharides yielded from brown sea algae as raw material, have gained

considerable interest in the field of oil/water separation [15-18]. Alginate is a unbranched



polysaccharide consisting of two basic building blocks, G-blocks (a-L-guluronic acid units) and M
blocks (B-D-mannuronic acid units), linearly linked together by 1-4 linkages [19]. Using divalent
cations (except Mg?*) as the cross-linking agent, a stable alginate hydrogel can easily be formed and
then converted to superhydrophilic aerogel [20-22]. In our previous study [15], TiO2/Alginate
composite aerogels have been fabricated successfully, and the results also prove that the composite
aerogels possess a high performance in oil/water separation and sewage photocatalytic remediation.
However, yet two essential issues need to be solved. Firstly, the low mechanical strength of alginate
aerogel seriously influences its long-term service performance. Secondary, the wideband gap and low
quantum efficiency of TiO2 would confine the visible-light-driven photocatalysis and self-cleaning
performance of composite aerogel [23-25].

As two dimensional (2D) carbon materials, graphene and its derivatives have received intensive
attentions in various application fields due to their remarkable physicochemical properties.
Chemically exfoliated 2D graphene oxide (GO) nanosheet, which possesses large specific surface
area, numerous oxygen-containing functional groups and outstanding electronic conductivity, has
been proved to be an appropriate supporting materials for photocatalysts loading and performance
improvement [26, 27]. Additionally, excellent mechanical properties, high aspect ratio and good
process-ability, also make the GO nanosheets an attractive building block/reinforcing filler to
improve mechanical properties of aerogel materials [28, 29].

In this paper, multifunctional aerogels with high mechanical strength are fabricated by
incorporating TiO2/RGO nanocomposites with alginate matrix through a cheap and non-toxic ionic
cross-linking method combined freeze-drying. The characteristics of the as-prepared

TiO2/RGO/Alginate (TRGA) composite aerogel, including morphostructure, oil and water wettability,



oil/water separation flux and efficiency, service and renewable performance are subsequently
analyzed and interpreted in detail. It is believed that this renewable and high-efficient TRGA
aerogels can present a novel pathway for oil/water purification.

2. Experimental section
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Schemel. Schematic representation of TRGA-x, TGOA and GOA aerogels fabrication.

Materials. Sodium alginate (M/G ratio = 1.56, MW: 80~120 kDa) was purchased from Shanghai
Macklin Biochemical Ltd. Calcium chloride (CaCl,) of laboratory grade from Xilong Chemical Ltd.
P25 (nano-scale TiO, powder, surface area 50 m?/g, particle size 20~30 nm) was purchased from
Degussa AG of Germany. Graphene oxide (GO) was purchased from Shanghai Ashine Technology
Development Ltd. All of other analytical chemicals were purchased from Aladdin, and used as
received without further purification. Deionized water was used throughout the experiment.

Preparation of TRGA aerogels. The TRGA aerogel (x means the mass ratio amount of GO to
Alginate is x:100) is prepared by incorporating TiO2/RGO nanocomposites with alginate matrix, and

the fabrication process is shown in Scheme 1. The mass ratio amount of GO to TiOz is controlled by



changing the additive amount of GO during the synthesis process of TiO2/GO nanocomposites.
Typically, 0.1g commercial TiO2 (P25) is ultrasonic-dispersed in 100mL GO suspension solution (0.1
g/L). Then the mixed suspension is irradiated under UV lamps (365 nm) for 1.5h to obtain
TiO2/RGO homogeneous dispersion solution. Subsequently, 1g sodium alginate is dissolved in the
aforementioned suspension to obtain uniform TiO2/RGO/Alginate mixture. The mixture is casted
into a petri dish, frozen and lyophilized in a freeze dryer (LyoBeta 3PS, Telstar, Spain) at -10 °C,
500ubar for 24h. The obtained aerogel is further consolidated using the Ca®* induced cross-linking
process. After consolidation and rinsing, the gel is freeze-dried again to achieve the TRGA-1 aerogel
(the mass ratio amount of TiO2:GO:Alginate is 10:1:100). According to the same methodology, the
TGOA aerogel (without GO reducing process), GO/Alginate aerogel (GOA, without TiOy),
TRGA-0.5 (TiO2:GO:Alginate is 10:0.5:100) and TRGA-5 aerogels (TiO2:GO:Alginate is 10:5:100)
are also fabricated for comparison.

Characterization. The crystalline phase of the as-prepared samples were identified by X-ray
diffraction (Rigaku, Ultima IV) operating with Cu Ka radiation. After sputter coating with gold, the
microstructures of aerogels were investigated in a Hitachi SU8000 field-emission scanning electron
microscope (FE-SEM). Raman investigations were also carried out on an inVia reflex Raman
spectrophotometer (Renishaw, UK). The pore size was measured by the American Autopore type 11
9420 automatic mercury intrusion porosimetry. The wettability of as-prepared aerogels in air and
underwater was characterized by a liquid drop shape analysis system (SPCA-1 HARKE, China). The
procedural detail of the oil/water separation performances tests are elaborated in the Supporting
information (SI-1).

3. Results and Discussion



The phase compositions and morphologies
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Figure 1. (a) XRD patterns and (b) Raman spectra of the as-prepared samples.

The XRD patterns of the as-prepared aerogels are shown in Figure 1a. It is evident that graphene
oxide (GO) shows a sharp peak at 26=10.6°. However, the characteristic diffraction peak of GO
disappears in the GOA aerogel, confirming the uniform distribution of graphene oxide in alginate
matrix [27, 30]. Meanwhile, for the as-prepared TiO2-based aerogels samples (TGOA and TRGA-1),
their diffraction peaks match very well with those of the commercial TiO2, except a remarkable
decrease in peak intensities, confirming that the TiO2 NPs can be well dispersed in the alginate
matrix [15].

More evidences on the reduction of GO to RGO can be obtained from the Raman results shown in
Figure 1b. Two characteristic peaks at ~1331cm™ and ~1604cm™ can be ascribed to the D-band and
G-band of GO, respectively. The D-band represents the disordered carbon caused by structural
defects, whereas the G-band represents the stretching vibration of tangential C-C bonds [31]. Thus
for RGO, the disorder extent of graphitic structures can be reflected from the D-band and G-band
intensity ratio (Io/lg) [31, 32]. The Ip/lc values of GOA, TGOA and TRGA-1 aerogels are calculated
to be approximately 1.02, 0.93 and 1.06, respectively. The lowest Ip/lg value of TGOA-1 sample is

attributed to the strong chemical bonding between TiO> NPs and GO nanosheets [23]. After
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photocatalytic reduction process, the Raman Ip/lg values of TRGA-1 is evidently increased, implying
an increased number of smaller graphene domains [33, 34]. Moreover, the reduction process can also
lead to a red shift in G-band. As shown in Figure 1b, the G-band position of the TRGA-1 aerogel
moves from 1604cm™ (GOA and TGOA aerogels) to 1597cm™, which is closer to the value of
pristine graphite, further confirming the reduction of GO.

Many studies have demonstrated that the special wettability of functional materials is governed by
both microstructure and surface chemical composition [35-37]. As observed in lower magnification
SEM images shown in Figure 2, all the as-prepared aerogels are of interconnected 3D porous
structure. The highly porous structure is beneficial for the oil/water gravitational separation and the
increase of separation flux [38]. Besides that, the surface roughness of the matrix is also a significant
factor for the wettability of aerogels, which can consequently influence the oil/water separation
efficiency. In the higher magnification SEM images shown in Figure 2, it can be clearly observed
that the surface of GOA aerogel is smooth and there are only some slight wrinkled corrugations in
the matrix. Obviously, the introduction of TiO2> NPs, which can be uniformly disperse on the skeleton
surface of aerogel, would remarkably roughen the TGOA aerogel surface. The resulted rougher
surface is beneficial for the superhydrophilicity (i.e., underwater oleophobicity) of aerogels. Whereas
for the TRGA-1 aerogels, its surface becomes much rougher after introducing the TiO2/RGO
nanocomposites. Due to hydrogen bonding between the TiO2/RGO nanocomposites and the Alginate
matrix, (both are rich in hydroxide groups); TiO2/RGO nanocomposites can be anchored firmly on

the Alginate matrix to improve the surface roughness of Alginate-based aeregels matrix.
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Figure 2. SEM images of GOA, TGOA and TRGA-1 aerogels

Wettability characterization

The as-prepared aerogels surface wettability is a crucial property, which governs their application
in wastewater treatments. As shown in Figure 3a, the water (or oil) droplet can quickly spreads and
penetrate into the aerogel, indicating the high surface affinity and permeability of the aerogels
towards water and oil in atmospheric condition. It can therefore be concluded that due to the high
content of polysaccharides and the 3D porous architecture generated in the freeze-drying process, the
as-fabricated alginate-based aerogels have the desirable super amphiphilicity and excellent liquid
penetration-ability, which can provide the aerogels a unique surface wettability and effective

detachment capacity.
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Figure 3. a) Water and oil wettability of TRGA-1 aerogel in air, b) pump oil contact angle underwater of
as-prepared aerogels, ¢) underwater contact angles of TRGA-1 aerogel for various probing oil/organic solvents, and
b) digital images of pump oil droplet over TRGA-1 aerogel in 1M HCI, NaOH and NaCl solutions.

Underwater contact angles from six different types of oil/organic solvent are further measured to
investigate the aerogels’ wettability characteristics in the oil/water/solid three-phase system. Figure
3b shows the underwater contact angles of pump oil over different aerogels and the corresponding
digital photos of pump oil droplet shapes. The underwater pump oil contact angle of TGOA aerogel
(147.3£3.4°) is higher than that of GOA aerogel (140.6+2.2°), proving the TiO2 NPs caused roughen
surface can enhance the underwater superoleophobicity of TGOA aerogel. This implies that roughen
surface will ensure high capacity of trapping water and reinforce the oil-repellency of the aerogels.
As the TRGA-1 aerogel has the roughest surface nanostructure, it displays the highest underwater

contact angle for pump oil (reach up to 161.2+2°). While, further increase in the RGO content will
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shelter the TiO, NPs and smooth the surface of aerogel matrix (Figure S1), leading to a lower

underwater pump oil contact angle of TRGA-5 aerogel (145.2+0.1°).

Table 1. Density, pore size, flux, and underwater pump oil contact angle of the as-fabricated aerogels

Density Average pore size Flux Underwater oil
Samples
(mg/cmd) (um) (L-m?2s?) contact angle (°)
GOA 24.49 40.01 3.06+0.17 140.6+2.2
TGOA 26.45 48.35 4.53+0.39 147.3+3.4
TRGA-0.5 25.78 49.05 6.98+0.31 146.6+0.9
TRGA-1 26.88 60.91 9.77+0.27 161.242.0
TRGA-5 28.41 65.49 11.16+0.23 145.240.1

Besides the surface nano-sized roughness, the pore size could also play an important role in the
underwater superoleophobicity of the aerogels. According to the previous study [38], the ideal pore
size of the aerogels is approximately 60pm, otherwise the underwater superoleophobicity (8qi> 150°)
would be hard to realize. For the as-fabricated aerogels in this paper, the relationship between pore
sizes and the contents of additives is shown in Table 1 and Figure S2. It is found that by adding TiO>
NPs, the average pore-size of GOA aerogel (~40 nm) can be slightly expanded, to be ~48 nm for the
obtained TGOA aerogel. As shown in SEM images (Figure 2), the addition of TiO2 NPs can
remarkably increase the roughness of the alginate matrix. The rougher matrix can enhance the water
trapping capacity of aerogel, and be more conducive to the formation and growth of ice crystals
during the freeze-drying process, leading to expanded pores in aerogel.

Furthermore, when the GO nanosheets are reduced, the expanding effect seems to be more
remarkable. It is gathered that the introduction of RGO, which possess excellent mechanical property,
will greatly influence the original pore structure of the aerogels during the freeze-drying process,
leading to the changes in pore sizes of aerogels [13, 39, 40]. The as-fabricated TRGA-1 aerogel

shows an optimized pore size of ~60.9um, which is nearly similar to the ideal value (60um)
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suggested. The optimized pore-size combined with rough surface microstructure provide the
TRGA-1 aerogel with excellent superoleophobicity underwater.

The underwater oil-contact angles of the TRGA-1 aerogel for six typical oils/organic solvents are
further measured and presented in Figure 3c. For various oils/organic solvents used, the measured
underwater oil-contact angles of TRGA-1 are all higher than 150°, confirming the TRGA-1 aerogel
is of a collective and excellent superoleophobic property underwater. Meanwhile, it is important to
point out that the practical waste water environment is always harsh, e.g. the strong acidic/alkaline or
high salt. To evaluate the oleophobicity and tolerability of TRGA-1 aerogel in harsh environments,
the underwater pump oil contact angles were further tested in acidic (HCI), alkaline (NaOH), or high
salt (NaCl) environments. As shown in Figure 3d, all the oil droplets over aerogels are of
quasi-spherical shape, and the corresponding underwater oil contact angel is 157.2+1.4°, 154.5+1.2°,
and 154.8+1.3° in 1mol/L HCI, NaOH and NaCl solutions, respectively. The stable
superoleophobicity of TRGA-1 aerogel in the aforementioned corrosive liquids may be ascribed to
two reasons: i) alginate is insensitive to the high ion concentration, and ii) the 3D interconnected
aerogel network structure has good mechanical strength.[41]

Oil/water separation performance

Due to the excellent selective wettability and tolerability, the as-fabricated TRGA-1 aerogel could
possess encouraging potentials in oil/water separation. The separation tests are carried out in an
ad-hoc device to estimate the actual separation performance of TRGA-1 aerogels (Figure S3), where
the separation process is completely driven by gravity. The oil/water mixture consists of 100mL
water and 100mL pump oil (dyed by Sudan Red 111 into red), and the water soaked aerogel is used as
a filter fixed between glass tube and suction flask. Figure 4a is the digital photo of the system during

12



oil/water separation process. When the oil/water mixture is poured into the upper tube, water can
quickly permeate through the aerogel into the underneath suction flask (Movie S1). Noticeably, the
aerogel filter selectively blocks the pump oil and no visible oil droplets can be observed in the
filtered water. As illustrated in Figure 4b, due to the superhydrophilicity of TRGA-1 aerogel and the
consequent underwater superoleophobic surface, the water will readily permeate through the water
soaked aerogel filter, while the oil droplets will be repelled, retained and removed from the mixture,

leading to a high-effective oil/water separation.
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Figure 4. a) Digital photo of the TRGA-1 aerogel oil/water separation process with a self-design device, and b)
illustration for the oil/water separation mechanism.

To gain a deeper understanding of the major influencing factors on the oil/water separation
efficiency, the pump oil/water separation performances of different aerogels were similarly assessed.
It is evident that the oil/water separation efficiency of the aerogels are closely related to their
underwater oil contact angle (Figure 5a), and the TRGA-1 aerogel shows optimum oil/water
separation efficiency (even higher than 99.96%). Evidently, the excellent oil/water separation
efficiency of TRGA-1 aerogel can be mainly attributed to three unique microstructures, including the
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nanoscale rough surface, the appropriate/optimized pore size and the hierarchical submerged 3D
microstructure. Additionally, the water flux is also a key index to evaluate the separation
performance of the filters. For the superhydrophilic aerogel filters, the water flux depends mainly on
the pore size of 3D monolithic aerogel, and the larger pore size can remarkably enhance the water
flux during the separation process (Figure 5a). For the TRGA-1 aerogel, the water flux is 9.77+0.27
L-m2-s, meaning that this aerogel filter (with 10x10 cm™ effective area) can completely separate

10 liter oil/water mixture in less than 2 minutes.
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Figure 5. a) Separation efficiencies and corresponding flux of various aerogels, and b) oil/water separation
efficiencies of TRGA-1 aerogel for five different oils/solvents.

To confirm the collective nature of TRGA-1 aerogel for various oil/water mixture separation, four
different kinds of oil or organic solvents including n-hexane, toluene, kerosene and soybean oil were
used as probing oil. As expected, all four types of oil/water mixtures were successfully separated,
and the separation efficiencies are all higher than 98.9% (Figure 5b), indicating that the TRGA-1
aerogel has a collective and excellent oil/water separation capacity.

Antifouling and self-cleaning ability
Additionally, the as-fabricated TRGA-1 aerogel also possesses good antifouling properties from

oil. The competitive process between oil and water is illustrated in Figure 6. As it was mentioned for
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Figure 3a, the dry TRGA-1 aerogel is amphiphilic, which absorbs oil molecules while immersed in
oil. Nevertheless, when the oil soaked aerogel is dipped into the water, the absorbed oil will be
expelled and replaced by water due to good adsorption (Figure 6¢). For the alginate-based aerogels,
its affinity for water molecule is much higher than that for oil or organic molecules. Therefore, after
being soaked by water, the water molecules will be trapped firmly in the 3D aerogel structure due to
the strong hydrogen bonds between water and polysaccharide. The formed water film can spread
uniformly on the aerogel surface and effectively inhibit the oil or organic pollutants to adhere,

improving the aerogel filters' resistance to fouling [41, 42].
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Figure 6. Competitive adsorption effect of pump oil (dyed by Sudan I11) and water on the TRGA-1 aerogel.

However, during the long-term oil/water separation, the residual oil or organic pollutants will
unavoidably attach on the external surface or within pores of the filters. The coalesced oil droplets
accumulate over time to reverse the wettability of the aerogels from oleophobicity to oleophilic, and
block the water transportation paths, leading to a serious deterioration in their separation
performance and reusability [43, 44]. Therefore, self-cleaning ability is extremely important for the
aerogels in practical oil/water separation applications. In this work, the introduction of TiO2/RGO
composited photocatalyst can provide the aerogels with visible-light-driven photocatalytic

performance. Under light irradiation, the as-prepared TiO2/RGO containing aerogels show efficient
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photocatalytic activity and stability for organic dye (MO) decomposition (Figure 7).
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Figure 7. (a) The photodegradation efficiency of MO of various aerogels, and (b) the photocatalytic stability
evaluation of TRGA-1 aerogel.

It is evidents that in the absence of TiO,, MO is very stable with the GOA aerogel under
irradiation (Figure 7a). While TiO2/RGO is added, the degradation rate of MO is dramatically
promoted, and the photocatalytic activities of the TRGA-x aerogels are in the descending order of
TRGA-1 (96.3%) > TRGA-5 (93.3%) > TRGA-0.5 (64.8%). This result indicates that TiO./RGO
nano-composites dispersed in alginate matrix retain a high photocatalytic activity for MO
degradation. Particularly, the alginate matrix covered with TiO2/RGO is stable against photoinduced
corrosion, a common property shared by many objects coated by TiO». This encourages the long
service life of the filter and makes the recycling of photocatalysts more convenient. The cyclic
photodegradation of MO over the TRGA-1 aerogel filter was also examined to evaluate the
photostability of both TiO2/RGO nano-composites and aerogel under intensive light irradiation. As
shown in Figure 7b, the TRGA-1 aerogel exhibits good photostability without any appreciable loss
of photocatalytic activity even after six consecutive runs. Moreover, there is no apparent damage
observed in TRGA-1 aerogel under the experimental condition, indicating the remarkable UV-aging
resistance capacity. Therefore, the prepared TRGA-1 composite aerogel can overcome the recycling

issues of traditional nano-photocatalyst and the issues with the environmental variability of
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bio-materials, therefore, presenting a promising materials for practical applications in industry oily

wastewater treatment.
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The self-cleaning ability of TRGA-1 aerogel could also be evaluated in the oil/water separation
cycles experiments. Figure 8 shows the changes in the oil/water separation efficiency and the water
flux of the aerogels during the recycle experiments and light treatment. With the increase of cycling
times, as expected, both the separation efficiency and the water flux of the TRGA-1 aerogel show a
noticeable decline. As shown in Figure 8a, the initial separation efficiency of the TRGA-1 aerogel is
near 100%, and a slight decrease (~ 0.2%) in the separation efficiency can be found after 60 times

reuse cycles, which illustrates the highly stable oil-water separation performance of TRGA-1 aerogel.
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After a 30 min irradiation of simulated sunlight, it is worth emphasizing that the separation
efficiency of the TRGA-1 aerogel can be well recovered (to ~99.9%), indicating the good
light-driven self-cleaning performance of TRGA-1 aerogel. By continuing further 60 time cycles, the
separation efficiency of the same TRGA-1 aerogel exhibits a fair reduction (~0.6%), nevertheless,
the light-driven recovery effect can yet be enough to enhance its oil/water separation proficiency.

Interestingly, a similar change trend can also be found in the water flux of the TRGA-1 aerogel
during the cycle experiments (Figure 8b). For instance, the initial water flux (F1) of the TRGA-1
aerogel is about 9.77 L-m?2.s, and after 60 times cycle separation, this value (Feo) decreases to
~6.79 L-m2-s due to the residual oil on the external surface or within pores of the filters. With 30
min irradiation of simulated sunlight, the water flux of the TRGA-1 aerogel is recovered, and the
recovered flux (Fe1, up to 10.08 L-m2-s) is even higher than the initial water flux (F1). The flux
recovery ratio (FRR) value can be calculated by the following Equation (1):

VErr = (Fs1-Fe0)/(F1-Feo) (2)

The changes in the water flux of different aerogels during the cycle experiments and their
recovered flux rates (FRR) after light irradiation are presented in Figure 8c. It can be seen that the
water flux of all the as-fabricated aerogels experience a remarkable decline after 60 times cycles. As
for GOA, the Fgo is only about 81% of the F1 value, and the light irradiation does not work for the
water flux recovery due to the absence of photocatalysts. Evidently, the introduction of TiO2/RGO
composites and the consequent light-driven recovery effect can enhance the self-cleaning
performance and the reusability of the alginate-based aerogels. The light induced FRR value of the
TRGA-1 aerogel can reach up to 110.6%, indicating that this aerogel easily achieves self-healing by
using the light irradiation. The observed characteristics demonstrate that the TRGA-1 aerogels have
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an optimum separation efficiency and long-term performance for oil/water mixtures, and can be
practical for effective utilization in harsh water environment.

Limit intrusion pressure analysis

Figure 9. Schematic illustration of oil/water separation mechanism of the aerogels.

It is well known that for the amphiphilic solid materials, their difference affinities for water and oil
are mainly responsible for the special surface wettability. In this work, the as-fabricated
alginate-based aerogels have a strong affinity for water rather than oil or organic solvents. Thus,
when the aerogels are soaked in water, the water molecules will be firmly trapped in the pores of 3D
aerogel microstructure to make the aerogel surface superoleophobic [41, 45]. To illustrate the
oil/water separation mechanism of the developed aerogel, the liquid wetting model is displayed in
Figure 9. The theoretical intrusion pressure (Pintrusion), Which is calculated by the following Equation
(2) can explain the interaction between water and oil:

Pintrusion = 2ycos0o/d (2)
where v is the interfacial tension between water and oil, 6o is the oil contact angle, and d is the
adjacent geometric peaks distance, here is approximate to the average diameter of the pores [38, 41].

Based on the equation, the underwater superhydrophilic aerogel allows spontaneous water
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permeation (6o is nearly 0°), and sustains a high oil intrusion pressure (6o > 150°) to effectively block
the oil.

The actual limit intrusion pressures of pump oil over different aerogels were also investigated, as
illustrated in Figure 10. The GOA aerogel shows a low limit intrusion pressure (~1.55kPa) for pump
oil. When TiO2 NPs is introduced, the limit intrusion pressure of the as-fabricated TGA-1 aerogel
gets a remarkable enhancement (about 26%), confirming the significant role of the surface nanoscale
roughness. As expected, the TGRA-1 aerogel possesses the highest limit intrusion pressure for pump
oil. It can be seen in Figure 10b that the pump oil column blocked by TRGA-1 aerogel has reached
the maximum height of glass tube (~23.5cm), and the intrusion pressure is calculated to be higher
than 2.05kPa. There is no doubt that the TRGA-1 aerogel filter would support a higher oil column if

the glass tube had higher capacity.
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Figure 10. a) The limit intrusion pressures of pump oil over various aerogels, and b) the image of oil intrusion
pressure test of TRGA-1 aerogel.

In the practical oil/water separation, a high oil column is needed to support the filtration.
Therefore, the mechanical strength (especially the bending performance) is also a very important
measure for the quality of the aerogel filter. As shown in Figure S4, the as-fabricated TRGA-1

aerogel can be bent and twisted in any direction without any apparent damage, which implies it has
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excellent bending capacity. The existence of RGO nanosheets can reinforce the mechanical strength
of the aerogel matrix. The RGO nanosheets reinforced honeycomb spatial structure (shown in the
SEM images) will make the aerogel stronger and more flexible. Based on the results above, it is
evident that the developed TRGA-1 aerogel is of excellent oil/water separation efficiency, high water
permeate flux and oil intrusion pressure, good mechanical performance and remarkable tolerability.
4. Conclusions

This paper provides a new strategy and facile approach to fabricate a robust tolerant
superoleophobic TiO2/RGO/Alginate aerogel for efficient oil/water separation. The TiO2 NPs can
effectively improve the surface roughness of the aerogel matrix, and provide the aerogel with
photoinduced self-cleaning ability. The RGO nanosheets reinforced 3D honeycomb spatial structure
further guarantee the excellent mechanical capacity (i.e. bending and flexibility) of the
TiO2/RGO/Alginate aerogel. With excellent tolerance and underwater superoleophobicity, the
as-fabricated TRGA-1 aerogel proved effective, i.e. high oil/water separation efficiency and water
permeate flux, and highly recyclable, i.e. more than 60 times reuse for long-term oil/water separation
in harsh environments. More importantly, the light-driven self-cleaning effect allows the TRGA-1
aerogel to maintain the high separation efficiency (~99.3%) and water permeate flux (~10.96
L-m2-s1) even after 120 cycles. These properties combined with its facile fabrication process make
the TRGA-1 aerogel a promising candidate for oil/water separation in marine environments.
Additionally, the results of the present work would also be beneficial for the design of new robust,
high-performance filter for practical oil/water separation in marine oil spill clean-up applications.
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