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1. Introduction

The increasing release of micropollutants 
into water resources and their adverse 
effects on aquatic ecosystem and human 
health have aroused global concerns.[1] 
Steroid hormones including natural 
estrone (E1) and estradiol (E2) and syn-
thetic 17β-ethinyl estradiol (EE2) are one 
such type of micropollutants widely found 
in wastewater.[2,3] Despite their trace levels 
(1–100  ng L−1) in water sources, steroid 
hormones can disrupt the endocrine 
system of human and other organisms 
by interfering the synthesis, secretion, 
transport, binding of natural hormones.[4] 
The negative health impacts of steroid 
hormones on animals are well docu-
mented, such as feminization in fish,[5] 
intersexuality in wild roach,[6] and tachy-
cardia in bullfrog tadpoles.[7] In addition, 
increasing evidence has shown that expo-
sures to steroid hormones causes nega-
tive impacts on human health like obesity, 
diabetes, intellectual disability, and male 
infertility.[8] Therefore, it is an urgent task 

to remove steroid hormones from water source for protecting 
human health and ecosystem.

Inadequate removal of steroid hormones by conventional 
wastewater treatment systems has motivated the development 
of advanced treatment technologies such as activated carbon 
adsorption, advanced oxidation processes, and membrane tech-
nology for treating such micropollutants.[9] Among them, mem-
brane technology is considered to be a promising strategy for 
water purification because of its high efficiency, ease of opera-
tion, and small footprints.[10] For example, nanofiltration (NF) 
and reverse osmosis (RO) processes have been used to remove 
hormones via a combination of mechanisms such as size exclu-
sion, charge repulsion, and adsorption.[11–13] However, the low 
water permeability of NF and RO membranes requires high 
operation pressure and frequent membrane cleaning,[14,15] which 
significantly increases the operation and maintenance of such 
processes. Hence, development of advanced membranes that are 
able to reject or capture steroid hormones at higher water perme-
ability is highly desired.

Affinity membranes separate molecules based on the specific 
physical and chemical interactions between ligands and target 
molecules rather than by sieving mechanisms.[16–19] Combining 
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the advantages of target separation and high permeability, 
affinity membranes are ideal candidates for treating steroid hor-
mones. Typically, affinity membranes are prepared by attaching 
affinity ligands to a base membrane, and the base membrane 
is preferred to have large surface areas in order to achieve good 
separation efficiency.[17] In this context, we adopted a poly
merization induced phase separation approach to fabricating 
our base polymer membranes. In the polymerization induced 
phase separation process, monomers and crosslinkers are poly
merized in the presence of porogens, and when the growing 
polymer chain reaches a certain size, the crosslinked polymer 
phase separates to form a highly porous polymer monolith.[20] 
Eventually, removal of the porogens results in a macroporous 
polymer network consisting of interconnected microglobules, 
affording the macroporous membrane with high surface areas 
attractive for affinity separation applications.[21–23]

β-Cyclodextrin (β-CD) is an inexpensive macrocyclic com-
pound made up of seven glucopyranose units connected via 
α-1,4-glycosidic bonds. The toroidal shape of β-CD provides a 
hydrophobic inner cavity, which can trap thousands of organic 
molecules via host–guest interactions including van der Waals 
forces and electrostatic forces, hydrogen bonding and hydro-
phobic interactions.[24] Because of this unique property, β-CD 
has been reported for removing a range of micropollutants 
from water and therefore serves as an ideal ligand for affinity 
adsorbents.[25–30] Commonly, β-CD is immobilized onto support 
membranes either by physical adsorption or covalent bonding. 
However, the stability of physically adsorbed β-CD remains 
a concern due to its solubility in water. It is reported that 
nanofibers with physically impregnated β-CD suffered a weight 
loss of 6.7 wt% after a hormone adsorption process of 96 h.[26] 
Although membranes loaded with crosslinked β-CD prevented 
the leaching of β-CD and achieved a high hormone removal 

efficiency, the regeneration of the membranes is to date not pos-
sible.[27] On the other hand, covalently attached β-CD results in 
a permanent irreversible bonding of β-CD onto the membrane 
surface. In this case, the binding capacity of β-CD ligands will 
be lost once they are saturated by steroid hormones or other 
micropullants in water. In most studies, solvent regeneration is 
used for desorption of the trapped micropullants and recovery 
of the blocked β-CD ligands. However the regeneration effi-
ciency of such process relies on the solubility of micropullants 
in the regeneration solvent, which often results in an incom-
plete recovery of the binding ligands and therefore a degraded 
adsorption performance in consecutive adsorption cycles.[28–30]

To address these issues, here we report a novel strategy for 
dynamic coupling of β-CD ligands to base membrane by using 
disulfide bonds as linkages. Dynamic covalent chemistry based 
on reversible covalent bonding provides a versatile and pow-
erful platform for dynamic manipulation and regeneration of  
surface properties.[31–33] Among them, disulfide bonds are of 
special interests as they can reversibly form and break under 
certain external stimuli such as light or pH.[34–36] We show 
that the photodynamic nature of disulfide bonds enables the 
UV induced release and reattachment of β-CD ligands on the 
membrane surface after each adsorption cycle, thus conferring 
the affinity membrane with excellent regeneration properties 
(Figure 1).

2. Results and Discussion

2.1. Fabrication of Base Membrane

The base membrane was fabricated by a polymerization 
induced phase separation method as shown in Figure  2A. 

Figure 1.  Schematic representation showing the coupling of β-CD to the macroporous base polymer membrane using disulfide linkage (upper panel) 
and the regeneration of the β-CD modified membrane via photodynamic disulfide exchange reaction (bottom panel).
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Briefly, a prepolymer mixture consisted of 24 wt% 
2-hydroxyethyl methacrylate (HEMA) and 16 wt% ethylene 
dimethylacrylate (EDMA) as monomers, 48 wt% cyclohexanol 
and 12 wt% 1-decanol as porogens and 0.4 wt% 2,2-dimethoxy-
2-phenylacetophenone (DMPAP) as initiator was impregnated 
into a porous nonwoven polyester fabric. The nonwoven fabric 
is important for avoiding polymer shrinkage induced cracking 
of the membrane and for improving mechanical properties of 
the resultant membranes. The impregnated prepolymer mix-
ture was then covered by two fluorinated borosilicate glass 
slides and irradiated by UV light (260  nm, 5  mW cm−2) for 
15 min, subsequent removal of unreacted porogens by ethanol 
and air drying resulted in a macroporous polymer membrane 
of 200 µm in thickness.

As shown by the scanning electron microscopy (SEM) 
images in Figure 2B, the surface of the poly(HEMA-co-EDMA) 
macroporous membrane is composed of numerous intercon-
nected polymer microglobules of 95  ± 27  nm in diameter. 
During UV irradiation, the growing polymer chains segre-
gate from the solution forming polymer nuclei, which further 
grow and coalesce resulting in a macroporous membrane with 
crosslinked polymer microglobules.[20] This type of membrane 
surface is very similar to those membranes prepared via non-
solvent induced phase separation when crystallization effect is 
dominant.[37] The cross-sectional images reveal that the fibers 
of the nonwoven support are wrapped by the HEMA-co-EDMA 
polymers (Figure  2C). However, the integration of the non-
woven support is not ideal, as a dense internal structure is 
observed and leads to a low membrane porosity (≈25%).

As porogens play a vital role in the phase separation pro-
cess, the influence of porogen compositions in the prepolymer 
mixture on the pore size and structure of the poly(HEMA-co-
EDMA) membrane was investigated. Six prepolymer mixtures 
with increasing ratio of 1-decanol/cyclohexanol from mix-1, 
containing pure cyclohexanol as a porogen, to mix-6, con-
taining 1-decanol as a porogen, were prepared according to 
Table S1 in the Supporting Information. It can be seen from 
the SEM images that both the microglobule size and pore size 
of the fabricated membrane gradually increases with increasing 
1-decanol content in the mixture of porogens (Figure S1A, Sup-
porting Information). This is mainly attributed to the difference 
in the solvation of polymer chains in reaction medium by two 
porogens during early stage of the polymerization.[38] In addi-
tion, as revealed by the low magnification SEM images, only 
the membranes prepared from mix-2 are homogenous and 
defect-free, while membranes prepared from other mixtures 
show obvious defects and cracks on their surfaces (Figure S1B, 
Supporting Information). For membranes prepared from mix-3 
to mix-6, the increase of globule size results in decreased 
mechanical strength and therefore cracks have evolved in the 
membranes.[39] The membranes prepared from mix-1 show 
many thin and long cracks on the surface despite its smallest 
globule and pore size. This might be attributed to the rigidity 
and brittleness of the highly cross-linked polymer material.[40]

The water permeability of the poly(HEMA-co-EDMA) 
macroporous membranes prepared from different prepolymer 
mixtures was tested. As shown in Figure S2 (Supporting Infor-
mation), the mix-2 membrane shows a water permeability of 

Figure 2.  A) Schematic representation of the fabrication of poly(HEMA-co-EDMA) macroporous base membrane via polymerization induced phase 
separation. B) Surface and C) cross-sectional SEM images of the fabricated poly(HEMA-co-EDMA) membrane with different magnifications.
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around 40 Lm−2 h−1 bar−1, while membranes prepared by other 
mixtures all possess much higher water permeability of over 
200 Lm−2 h−1 bar−1, consistent with their cracked pore struc-
tures observed by SEM. A photograph of the mix-2 membrane  
illustrating its homogenous and defect-free surface is shown in 
Figure S3 in the Supporting Information. The reproducibility of 
the mix-2 membrane is further verified by testing the water per-
meation of nine different membranes from the same mixture, 
and an average water permeability of 38.4 ± 9.6 Lm−2 h−1 bar−1  
is achieved. Pore size analysis by liquid expulsion reveals that 
the mix-2 membrane presents a pore size distribution from 
0.14 to 0.65  µm, with mean pore size of 0.32  µm (Figure S4, 
Supporting Information). It is worth noticing that the perme-
ability of mix-2 membrane is much lower than those of com-
mercial microfiltration membranes with similar pore sizes and 
thickness. This phenomenon might be attributed to the poor 
integration of the non-woven support and a very dense internal 
membrane structure (Figure  2C), leading to low membrane 
porosity (≈25%) and poor pore connectivity. The permeability 
of mix-2 membrane is still higher than those of nanofiltration 
membranes used for hormone removal (≈10 Lm−2 h−1 bar−1).[11,41] 
In addition, the surface area of mix-2 membrane was meas-
ured to be 9 m2 g−1. Therefore, based on its reproducibility and 
relatively high surface area, mix-2 membrane was selected as 
the base membrane for fabricating affinity membranes in the 
following sections.

2.2. Functionalization of Base Membranes with β-CD

For immobilization of β-CD to the base membrane, 2-carboxye-
thyl disulfide (CED) was used as a linker to enable the dynamic 
attachment and detachment of β-CD ligands. The reaction 
scheme for coupling β-CD to the base membrane is shown 
in Figure 1. The hydroxyl groups presented on the base mem-
brane enabled the direct attachment of CED on membrane 

surface via esterification. Then, the attachment of β-CD ligands 
was realized by a second esterification reaction between β-CD 
and immobilized CED.

The surface chemical composition of the base membrane, 
CED modified membrane, and β-CD modified membrane was 
characterized by X-ray photoelectron spectroscopy (XPS), as 
shown in Figure 3. The C 1s spectra of the base membrane con-
tain three main peaks at 285.0 eV corresponding to C–C, C–H 
groups, 286.6  eV corresponding to C–O groups and 288.9  eV 
corresponding to OCO groups (Figure 3A). As the monomers 
for making the base membranes contain abundant hydroxyl 
and ester groups, these results are not unexpected. After CED 
modification, the C–O/OCO ratio decreases from 1.81 to 1.15 
due to the formation of ester bonds and the addition of COOH 
groups. The successful grafting of CED is further confirmed by 
the S 2p doublet appeared at 163.5 eV (S 2p3/2), corresponding 
to the C–S–S–C group in CED (Figure 3B). Finally, the attach-
ment of β-CD on the CED modified membrane leads to an 
increase of C-O/OCO ratio from to 1.15 to 1.62, which is attrib-
uted to the rich hydroxyl and ether groups in β-CD.

Using mix-2 membrane as the base, the static adsorption of 
estradiol (E2) on membranes before and after surface function-
alization with β-CD were measured. Figure 4A shows the time 
dependent uptake of E2 hormone by the base membrane, the 
CED functionalized membrane and the β-CD functionalized 
membrane. The E2 uptake of all membranes increases rapidly in 
the first several hours and then reaches equilibrium after 20 h.  
The CED functionalized membrane uptakes 48.9 ng g−1 of E2 
after 30 h of incubation, almost the same level compared to the 
base membrane (51.4 ng g−1). In contrast, the β-CD functional-
ized membrane demonstrates an E2 uptake of 67.6 ng g−1 after 
30 h incubation, about 30% higher than that of the base mem-
brane. This shows the necessity of immobilization of β-CD to 
the membrane to achieve efficient E2 removal. The hormone 
uptake of β-CD functionalized membrane towards other kinds 
of hormones including estrone (E1), progesterone (P), and 

Figure 3.  A) C 1s and S 2p XPS spectra of base membrane (bottom), CED modified membrane (middle), and β-CD modified membrane (top).
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testosterone (T) were investigated and the results are shown in 
Figure  4B. The β-CD functionalized membrane demonstrates 
the highest uptake of 90.3  ng g−1 for progesterone and the 
lowest uptake of 36.0 ng g−1 for estrone after 25 h. Such differ-
ence is attributed to the varied association strengths of the four 
hormones to β-CD, and the trend is consistent with previous 
studies on cyclodextrin-hormone complexes.[42,43] Kinetic mod-
eling results show that second-order kinetic model fit best for 
all test hormones (Figure S6 and Table S2, Supporting Informa-
tion), suggesting that chemisorption is dominant and controls 
the adsorption.

The adsorption capacity of E2 for base membrane and β-CD 
functionalized membranes prepared using other prepolymer 
mixtures were also measured. As shown in Figure 4C,D, the E2 
uptake of β-CD-functionalized membranes gradually decreases 
from mix-1 to mix-6. This decrease might be attributed to the 
increase of the polymer globule size of the membranes pre-
pared from mix-1 to mix-6 (Figure S1, Supporting Information), 
which, in turn, may lead to a decrease in surface area, reducing 
both the loading of β-CD and unspecific adsorption.

2.3. Regeneration of Affinity Membrane

A key challenge in the practical applications of affinity mem-
branes for micropollutant removal is efficient regeneration of 

the membrane’s activity after prolonged adsorption process, 
as the binding sites would be blocked by the micropollutants 
or other organic substance in real water. For β-CD functional-
ized adsorbents, solvent regeneration process is typically used 
to regenerate the adsorbent’s activity. However, it has been 
observed in several studies that the adsorbents gradually lose 
their adsorption capacity after each cycle due to the incomplete 
recovery of binding cites after solvent regeneration.[29,31] The 
dynamic disulfide linkers used in this study enable the β-CD 
ligands to be dynamically detached and reattached from the 
base membrane after each adsorption cycle, and therefore pro-
vide a promising way for membrane regeneration (Figure 1).

The regeneration of the β-CD functionalized membrane 
was achieved by the photodynamic disulfide exchange reaction 
(Figure 1).[34] The hormone saturated membrane was first wetted 
by a CED solution in dimethylformaldehyde and irradiated by 
UV light (260 nm, 5 mW cm−2) for 2 min, which replaced the 
attached β-CD ligands by CED molecules. Then, the CED modi-
fied membrane was reacted with new β-CD via esterification  
reaction (7 h) to regenerate fresh β-CD on membrane surface. 
XPS analysis of those membranes shows that the C–O/(C–C, C–H)  
ratio on membrane surface decreases after hormone adsorption 
since the hormone is essentially made of aliphatic and 
aromatic bonds and contains very few C–O (Figure S7, Sup-
porting Information). After UV-induced disulfide exchange  
reaction, the C–O/(C–C, C–H) and C–O/OCO ratios decreases 

Figure 4.  A) Static adsorption kinetics of estradiol (E2) on the base membrane, the CED functionalized membrane and the β-CD functionalized 
membrane prepared using prepolymer mix-2. B) Static adsorption kinetics of estrone, estradiol, testosterone, and progesterone on the β-CD function-
alized membrane prepared using prepolymer mix-2. C) E2 uptake after 30 h on the β-CD functionalized membranes and base membranes prepared 
by different prepolymer mixtures. D) Static adsorption kinetics of E2 on β-CD functionalized membranes prepared by different prepolymer mixtures.
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and reaches values slightly higher than CED modified mem-
brane, indicating a high efficacy of the photodynamic disulfide 
exchange reaction. The efficiency of the membrane function-
alization and regeneration steps was further confirmed by 
Raman analysis of the membranes prepared at different stages  
(Figures S8 and S9, Supporting Information).

To evaluate the regeneration efficiency via photodynamic 
disulfide exchange reaction, the E2 uptake of β-CD functional-
ized membranes with or without the regeneration process was 
first tested in static conditions. As shown in Figure 5, after five 
consecutive adsorption cycles, the E2 uptake of β-CD functional-
ized membranes without photodynamic regeneration decreases 
gradually from 51.9 to 14.9 ng g−1 after five cycles, indicating the 
loss of the binding sites after each cycle. In contrast, the mem-
brane regenerated via the photodynamic disulfide exchange 
reaction between each adsorption cycle demonstrates a nearly 
complete restoration of the adsorption capacity during each 
of the five cycles. The E2 uptake only decreases from 58.9 to 
55.2 ng g−1 after five adsorption cycles, confirming the very effi-
cient regeneration of the membrane´s adsorption capacity via 
the photodynamic disulfide exchange reaction. However, we 
note that the detached hormones will end up as a complex with 
β-CD in the reaction solvent, which will require further treat-
ment. Further work on the use of green solvents and in situ 
degradation of pollutants is required.

In membrane filtration, removal of micropollutans is mostly 
done in dynamic filtration conditions. Therefore, the hormone 
binding capacity of β-CD functionalized membrane and the 
efficiency of the photodynamic regeneration were also tested in 
flow-through conditions. E2 solution (100  ng L−1) was filtered 
through the membrane at an operating pressure of 3 bar and 
a flux of 144 ± 12 Lm−2 h−1, corresponding to a residence time 
of 1.25 s. The breakthrough curves and the E2 uptake of the 
β-CD functionalized membrane in three regeneration cycles 
as well as the base membrane are reported in Figure 6. Imme-
diate breakthrough is observed for all membranes, which might 
be attributed to the short residence time (1.25 s) encountered 
during the adsorption process. Compare to the base mem-
brane, the β-CD functionalized membrane shows about 38% 
increase of E2 uptake after 300 mL feed solution is permeated 

(Figure  6B), consistent with their adsorption performance in 
static conditions (Figure 4A). Furthermore, the hormone uptake 
profile of the β-CD functionalized membrane remains almost 
the same level after two cycles of photodynamic regeneration. 
Such results promise the use of photodynamic regeneration 
strategy for dynamic filtration applications.

3. Conclusions

In summary, we have developed a novel affinity membrane 
for effective removal of steroid hormones from water. The 
base membrane was fabricated via a polymerization induced 
phase separation approach where HEMA and EDMA mono-
mers were polymerized in the presence of inert porogens. The 
compositions of polymerization mixtures were optimized to 
obtain a reproducible and homogenous poly(HEMA-co-EDMA) 
macroporous membranes with satisfied permeability. Then the 
affinity membrane was prepared by coupling β-CD ligand to 
the poly(HEMA-co-EDMA) base membrane using the photo
dynamic disulfide linkages. The β-CD functionalized affinity 
membrane showed a 30% increase of E2 uptake compared with 
the base membrane, attributed to the formation of inclusion 
host–guest complexes. Last but not least, the photodynamic 
nature of the disulfide bonds enabled the photodynamic regen-
eration of the membrane´s original affinity properties by UV-
induced regeneration of the β-CD ligands on the membrane 
surface after each adsorption cycle. We envision that the new 
concept of using dynamic covalent bonds for the binding of 
affinity ligands to membranes in order to achieve the ability to 
restore the adsorption capacities of membranes by the photo-
dynamic exchange or removal of such ligands will lead to the 
development of smart affinity membranes with regenerable, 
exchangeable and rewritable surface properties for various sep-
aration applications.

4. Experimental Section
Materials and Methods are provided in the Supporting Information.

Figure 5.  Static adsorption of estradiol (E2) on two β-CD functionalized membranes as a function of time in five consecutive adsorption cycles: with 
photodynamic regeneration of β-CD between each cycle (circle) and without photodynamic regeneration between each cycle (square).
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from the author.
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