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lead to both severe ecological impacts 
and loss of valuable resources.[�]  
Therefore, e�cient and environment-
friendly oil-recovery approaches are in 
high demand. To evaluate a promising 
water remediation method, a series of 
requirements have to be assessed: �) 
high oil separation speed, �) high separa-
tion e�ciency, �) low or even no negative 
environmental e�ects, �) straightforward 
production and application, and �) robust 
chemical and mechanical properties 
under operational conditions.[�] Various 
approaches have been applied in this �eld 
such as gravity separation, centrifugation, 
�otation, bioremediation, on-site burning, 
and electrochemical processes.[�]

Among the various approaches pro-
posed, physical separation remains the 
most straightforward but also the least 
e�cient one. As a physical separation 
technique, the use of superamphiphlic 
membranes has potential to overcome 

some of the inherent limitations of this technique. Superam-
phiphilicity is a valuable surface property of materials,[�] as it 
de�nes surfaces displaying strong a�nity to both water and oil 
as evidenced by very fast spread and quasi-null contact angles.[�,�] 
Over the past decades, superamphiphilic materials received 
tremendous attention because superamphiphilicity is not only 
limited to separation techniques[�,�] but also has found versatile 
applications as self-cleaning,[�] antifogging,[�] as well as in con-
trollable liquid transport.[�] Various methods, including sol�gel 
methods,[��] chemical vapor deposition,[��] modi�cation of as-
obtained polymer membrane,[��] or metal mesh,[�c] have been 
investigated for the superamphiphilic materials fabrication. 
However, these materials typically display weak chemical and/or  
mechanical resilience. The peculiar a�nity toward both water 
and oil not only depends on the chemical composition of the 
membrane but also on its morphology at micro- and nanoscales, 
which can easily be deteriorated. Recent studies have been 
focusing on further improving the materials robustness, for 
instance, by including metal and ceramics into the product.[��]

Although more resistant, superamphiphilic membranes 
remain vulnerable to organic and inorganic fouling when used 
in the �eld (e.g., microorganisms, algae, or sand in the �ltra-
tion of sea water),[��] which strongly limits their lifetime. In 
recent years, several researchers tried to mitigate the fouling 
by increasing the hydrophilicity of membranes to form a super
oleophobic surface underwater.[��,��] Thermal treatment provides 
another solution for removing organic fouling.[��] However, 
those approaches remain less competitive in long-time practical 

Oil-spill remediation is an international environmental challenge, and super-
amphiphilic membranes, as a promising solution, have recently drawn lots of  
attention. However, the robustness of the conventional membrane design is 
less satisfying under severe conditions during practical applications. Addition-
ally, it is unavoidable for the membranes to face a series of foulants in their 
practical working environment, for example, algae and sand. These foulants 
will block the membrane, which leads to a new economic and environmental 
problem in terms of waste management at the end of their life. To address the 
aforementioned challenges, a new generation of superamphiphilic vitrimer 
epoxy resin membranes (SAVER) to separate oil and water e�ciently is 
reported. Similar to classical epoxy resins, SAVER shows strong mechanical 
robustness and sustains exposure to aqua regia and sodium hydroxide solu-
tions. Furthermore, the blocked membrane can be easily recovered when 
contaminated with mixed foulants by using dynamic transesteri�cation reac-
tions in the polymer network. The ease with which biobased SAVER can be 
manufactured, used, recycled, and re-used without losing value points to new 
directions in designing a closed-loop superamphiphilic membrane life cycle.

�. Introduction

Despite the recent leap forward in renewable energies, the 
global production, trade, and usage of oil have never ceased 
to increase. Unfortunately, this continues to increase the 
risk of wastewater discharges and oil-spill accidents, which 
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applications, owing to their ability to remove surface organic 
fouling only.[��] Thus, it is still extremely rare and challenging 
to �nd a solution for a fully recyclable robust superamphiphilic 
membrane that meets all the requirements simultaneously.

As a new concept developed in recent years, vitrimers seem 
to provide an important piece of the puzzle. Vitrimers are 
crosslinked polymers that possess a dynamic covalent bond net-
work.[��] Similar to classical thermosets, vitrimers demonstrate 
outstanding mechanical properties and chemical resistance,[��d,��] 
but feature a unique stress relaxation mechanism, owing to 
bond-exchange reactions between crosslinks above a certain acti-
vation temperature.[��] Key to distinguish the relaxation process 
of vitrimers from thermoplastic softening is that the number of 
covalent bonds in the vitrimer network remains constant, which 
resembles the behavior of molten silica.[��]

In this study, we demonstrate the facile production and usage 
of a novel biobased and recyclable superamphiphilic vitrimer 
epoxy resin membrane (SAVER), which meets all the �ve require-
ments for water remediation outlined above simultaneously, see 
Figure �. The vitrimer is produced through base-catalyzed ring-
opening between pristine and epoxy-modi�ed biobased malic 
acid. Chemically resistant and mechanically robust separation 
membranes are obtained through ball milling and sintering, cre-
ating a �D porous network with internal micro- and nanochan-
nels. The superamphiphilic character, arising from the high den-
sity of hydroxy groups within a hydrocarbon-based network, per-
mits the fast and e�cient separation of oil-in-water emulsions. 
Depolymerization, centrifugation grinding, and sintering of 
clogged membranes for further use provide a promising solution 
as new generation separation material[��] with a closed-loop recy-
cling route to play a key role in sustainability e�orts worldwide.[��]

�. Results and Discussion

To prove our strategy, a new biobased epoxy resin was syn-
thesized by the reaction of malic acid with peracetic acid  
(Figure �a).[��] Brie�y, malic acid and allyl bromide were 
dissolved in acetone to yield diallyl malate (DAM) under basic 
condition. By using peracetic acid, the DAM was oxidized to 
epoxy-modi�ed diallyl malate (EDAM) (Experimental Section, 
Supporting information). From the �H-NMR spectrum, the 
disappearance of the CH��CH� signal (�� � �.� and �.�) and 
the appearance of the characteristic signal of protons on the 
ethylene oxide ring (�� � �.�, �.�, and �.�� ppm) indicates full 
conversion (Figure��b). Additionally, Fourier transform infrared 
(FTIR), electrospray ionization (ESI)-ion trap mass spectro
metry, ��C-NMR, and heteronuclear single quantum coherence 
(HSQC) spectrometry were used to con�rm the successful 
synthesis of EDAM (Figures S��S�, Supporting Information). 
Subsequently, the transesteri�cation-based vitrimer is obtained 
by curing EDAM with pristine malic acid and a catalyst (triaz-
abicyclodecene) at high temperature (Experimental Section, 
Supporting information). The glass transition of our vitrimer is 
around ����C (Figure S�, Supporting Information). To examine 
the crosslinking, the rheological properties of our vitrimer net-
work were tested by dynamic mechanical analysis (DMA). With 
the frequency increasing from �.�� and ����rad s�� (Figure S�, 
Supporting Information), the storage modulus remained nearly 
constant, which con�rmed a successful curing process.[��]

The superamphiphilic membrane (SAVER) was prepared via 
a simple and straightforward process. The crosslinked vitrimer 
was �rst grinded into �ne powder, using ball milling. Then, the 
vitrimer powder was dry-pressed into disk pellets, without any 
binding agents or additives. The membranes were subsequently 
obtained following a sintering process owing activation of the 
bonds exchange reaction at elevated temperature. The sintering 
temperature was determined on the basis of the transesteri�ca-
tion reaction activation temperature (���� �C).[��] Owing to the 
selection of malic acid as both raw material for the epoxy resin 
and the cross-linker a large amount of hydroxyl groups are intro-
duced in the network, which not only improved hydrophilicity 
but also bene�ted the transesteri�cation reaction at the same 
time. Figure��c depicts schematically that the total number of the 
hydroxyl groups and ester bonds always remain constant during 
the transesteri�cation, which avoids the decrease of intrinsic 
hydrophilicity of the network during the fabrication process. 
Because ball milling produced powders with a broad size distri-
bution, our robust fabrication process resulted in a porous disc 
with a hierarchical structure as revealed by scanning electron 
microcopy (SEM). It is clearly observed that the entire vitrimer 
membrane displays a heterogeneous porous structure with pore 
sizes ranging from ��.� to ����m (Figure��e). The heterogeneous 
porous structure provides not only high surface roughness but 
also �ltration channels within the membrane.

Experimentally, the wetting performance of the mem-
brane was tested by using contact angle (CA) measurements. 
Figure� �e exhibits the dynamic wetting behavior of water and 
oil on the skin of SAVER. The water droplet (�� �L) and oil 
droplet (��� �L) both spread and permeated quickly (less than 
�� s) into SAVER with a near-zero contact angle in air. As we 
have predicted above, SAVER showed same behavior to oil  

Figure �.  Schematic representation of the target closed-loop life of 
SAVER. A superamphiphilic membrane was obtained by following a 
straightforward ball milling and sintering process, which can be applied 
in the oil/water separation process. The target material is thus expected 
to exhibit excellent robustness properties and recyclability.
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(heptane and dichloromethane (DCM)) as to water, which indi-
cates superamphiphilicity. At the same time, the optical image 
shows an oil (DCM) droplet forming an oval on the SAVER top 
surface underwater (CAoil-underwater� � ���.��). As mentioned in 
the Introduction, this interesting surface wettability transfor-
mation can be applied for oil/water separation, which will be 
discussed in the remainder of this study.

To examine the value of our membrane in its target applica-
tion, robustness was �rst considered.[��c] A series of tests were 
applied to check the robustness of SAVER. Because the rough 
surface decreases the contact area, the �ne designed porous 
structure of superamphiphilic membrane will face high local 
pressure under mechanical load, which brings the need for 
mechanical robustness as well. Our membrane was rubbed 

Figure �.  Structure and processing of the superamphiphilic vitrimer membrane (SAVER). a) Reaction scheme of the SAVER synthesis. b) �H-NMR 
spectra of products, showing complete conversion from diallyl malate (DAM) to EDAM. c) Scheme presenting the reversible transesteri�cation reaction 
that takes place within the vitrimer network. d) Illustration of fabrication of a superamphiphilic vitrimer and repairing process, achieved by simple ball 
milling followed by a sintering. e) Typical SEM images of SAVER and contact angle of water, oil (DCM) in air and water.
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