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A B S T R A C T

Ultrafiltration membranes with relatively small pores are highly expected in various separation cases. As a
flexible manner to efficiently tighten the pores, post modification provides a robust platform for preparing the
desired membranes. However, the endeavor to pursue high permselectivity of the membranes has been made by
paying close attention to the modification layers while the effects of the substrate membranes are generally
overlooked. In this work, tight membranes with ultrahigh permeance were produced by coating poly-
ethylenimine (PEI) on gradient nanoporous phenolic substrates. Cationic PEI was tightly deposited on the ne-
gatively charged phenolics via electrostatic deposition, thus reducing the effective pore sizes to ∼2.6 nm
through a single-step coating. The gradient porous nanostructures still remained after PEI coating in the phenolic
membranes. The coated membranes exhibited ∼4–45 times higher permeance than counterparts with similar
rejections. As the cationic PEI was distributed on the membrane surface and pore wall after coating, the posi-
tively charged membranes thus produced were able to efficiently separate cationic dyes from water.

1. Introduction

The ongoing water shortage has become one of urgent issues
worldwide due to the large demands of freshwater caused by the rapid
population growth, industrialization and contamination [1]. To meet
this challenge, membrane-based separation has been chosen as a sig-
nificant solution among many choices [2]. As one of the most ex-
tensively used separation membranes, ultrafiltration (UF) membranes
based on size exclusion have commonly been employed to remove
proteins, colloids, virus and etc. from water [3], playing a key role in
purifying water. Typically, the pore sizes of UF membranes are ap-
proximately ranged from 2 to 50 nm [3]. In some cases, tight UF (TUF)
membranes with rather small pores are particularly needed [4]. For
instance, poly(vinylidene fluoride) UF membranes featured with 4.4 nm
pores was used to purify biodiesel from ethanol [5], and UF membranes
with effective pore sizes ranging from 1.93 to 4.07 nm were even ap-
plied to fractionate dye/salt from textile weastwater [6]. A number of
direct methods such as nonsolvent-induced phase separation [7], sol-gel
[8], and anodization [9] have been exploited to produce such TUF
membranes.

It is difficult to tailor the pore sizes of the membranes upon mem-
brane formation. Hence, different membrane-forming conditions should

be considered to adjust the pore sizes when using the above-mentioned
direct methods, which is, however, sophisticated and time-consuming.
Alternatively, post modification is a much more flexible and high-effi-
ciency manner to readily tune the pore sizes of existing membranes. For
instance, electroless gold deposition [10], pore filling [11], pore surface
functionalization [12], and atomic layer deposition [13-15] are com-
monly used to efficiently reduce pore sizes. However, thus-modified
membranes are frequently suffering from sharp decrease in permeance
as a result of the trade-off effect between permeability and selectivity
[16]. The permselectivity of the modified membranes is determined by
not only the modification layers but also the substrate membranes.
Unfortunately, previous works were predominantly focused on the
modification itself using commonly accessible substrates [17-19], and
the effect of the substrate to the performances of the finally obtained
membranes was largely overlooked.

The porous nature and the surface properties of the substrates are
expected to strongly influence the modification operations and effects,
and highly permeable substrate membranes with relatively small pores
is of great importance to acquire superior permselectivity in TUF
membranes. That is, structure design in the substrate membranes offers
new chances to upgrade the performances of membranes and may also
simplify or expedite the modification process. Very recently, we
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prepared ultrafast phenolic UF membranes by designing gradient na-
noporosity, which exhibited up to dozens of times higher permeance
than other membranes with similar rejections [20]. As a result of the
gradient structure, the top surface is composed of fine nanoparticles
and surface pores defined by the gaps between the particles is below
10 nm. Consequently, ultrathin coatings can easily entighten the pores
into the TUF category, significantly simplifying the post modification
by shortening the timing and reducing the consuming coating mate-
rials. Moreover, hydroxyl groups are abundantly present on the surface
of the phenolic membranes, enabling the post modification by the ex-
tensively used method of electrostatic deposition. It has been reported
that, electrostatic deposition, a conventional modification technique,
offers a straight and robust platform to perform surface functionaliza-
tion [21,22] and pore reduction [23] in materials, which are triggered
by two polyelectrolytes with opposite charges. More importantly, the
assembled structures driven by electrostatic interactions are very stable
[24], indicative of a promising pathway to modify prepared TUF
membranes for accelerating the reduction of their pore sizes. Therefore,
incorporating electrostatic deposition in the resulting phenolic mem-
branes makes it possible to produce TUF membranes with high
permselectivity. Herein, positively charged PEI is deposited on the
phenolic particles by simply soaking membranes in PEI aqueous solu-
tions for only one single time (Fig. 1) although electrostatic deposition
typically requires multiple rounds of alternative soaking in cationic and
anionic polymer solutions [25,26]. Water permeance of the deposited
membranes is ∼4-45 times higher than other membranes with similar
rejections. Such positively charged membranes are further demon-
strated to efficiently separate dyes from water.

2. Experimental section

2.1. Materials

Polyethylenimine (PEI, ∼50% in H2O, Mr = 600,000-1,000,000)

was purchased from Sigma-Aldrich. ZnCl2 (≥98%) was acquired from
Shanghai Xinbao Fine Chemical Factory. Ethanol (≥99.8%) was pur-
chased from Aladdin. Aqueous formaldehyde solutions (37 wt%) and
NaOH (≥96%) were obtained from Xilong Chemical Co., Ltd.
Hydrochloric acid (36–37wt%), phenol (≥99%) and 98wt% H2SO4

were purchased from shanghai Lingfeng Chemical agent Ltd. PEO-block-
PPO-block-PEO triblock copolymer (Mw=5800 g/mol and the degree
of polymerization for each PEO block and PPO block is 20 and 70, re-
spectively, commercially known as P123) was purchased from Sigma-
Aldrich. Deionized water (conductivity: 8–20 μs/cm, Wahaha Co.) was
used in all the experiments. Cytochrome C (Cyt. C, molecular weight of
12.4 kDa, purity> 95%), polyethylene glycol (PEG) with four different
molecular weights (10 kDa, 4 kDa, 1.5 kDa and 600 Da) and rhodamine
B (RhB, ≥ 97%, C28H31ClN2O3, Mw=479.01 g/mol) were obtained
from Sigma-Aldrich. Methylene blue hydrate (MB, ≥ 96%,
C16H18ClN3S·3H2O, Mw=373.9 g/mol) was purchased from J&K
Scientific. All chemicals were used without further purification. Silicon
wafers were cut into the size of 1.5 cm×1.5 cm and then ultra-
sonicated at least three times in ethanol and dried before use.

2.2. Preparation of PEI-coated phenolic membrane

Resol was synthesized from phenol and formaldehyde by a base-
catalyzed polymerization method, as described in our previous work
[20]. To fabricate the phenolic membranes, the ethanolic solutions
containing resol and P123 were diluted with ethanol to have a con-
centration of 5%. To 1 g of the solutions, 0.068 g of ZnCl2 was added,
and the molar ratios of ZnCl2 to P123 in these solutions were de-
termined to be 140. Typically, the ethanolic solutions with the molar
ratio of P123 to phenol and the molar ratio of ZnCl2 to P123 of 0.018
and 140, respectively, were used in this work. 100 μL solutions were
drop-cast on the cleaned Si and then instantly transferred into an oven
preheated to 100 °C for the thermopolymerization of resol. After 12 h,
the substrates together with the formed structures were soaked in 55wt
% H2SO4 at 100 °C for 2 h to remove P123 and ZnCl2. Afterwards, PEI
solutions were diluted to ∼10% with deionized water, in which the
phenolic membranes were immersed for 30min. The soaked mem-
branes were then rinsed with deionized water for several minutes to
remove the redundant PEI. The PEI-deposited membranes were kept in
deionized water before use.

2.3. Characterization

A field-emission scanning electron microscope (SEM, Hitachi
S4800) was used to probe the surfaces and the cross sections of the
samples at an accelerating voltage of 5 kV and an electric current of
7 μA. Before SEM examinations the samples were sputter-coated with a
thin layer Pd/Pt alloy to enhance the conductivity. The cross sections
used for SEM observation were obtained by fracturing the membranes
in liquid nitrogen. The surface topography of the samples was examined
by atomic force microscopy (XE-100, Park Systems) in the non-contact
mode. The scan rate was 0.5 Hz while the set point amounted to
13.11 nm. Fourier transformation infrared (FTIR) spectra were obtained
from a Nicolet 8700 infrared spectrometer in the attenuated total re-
flection (ATR) mode. A total of 32 scans using diamond as the reflection
element at a resolution of 4 cm-1 were conducted. The surface wett-
ability of the samples was characterized by testing their water contact
angles (WCAs). WCAs were obtained from a contact angle goniometer
(Dropmeter A-100, Maist). The volume of the water droplets was de-
signated as 5 μL. For every sample, the WCAs of at least 3 positions were
tested and the average WCAs were reported. The surface charge of the
membranes was measured by a SurPASS electrokinetic analyzer (Anton
Paar GmbH, Austria). In the course of the measurement, the zeta-po-
tential of the membrane was obtained initially in a 0.001M KCl solu-
tion. Subsequently, the pH of the solution decreased to pH 2.7 gradu-
ally, and then increased to pH 9.6 by auto-titrating of 0.1M HCl and

Fig. 1. (a) schematic illustration of the gradient nanoporous phenolic mem-
branes before and after PEI deposition. (b) The depiction of the coating of PEI
on phenolics. The phenolics are marked brown and the PEI polymers light gray.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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0.1M NaOH solutions, respectively. Zeta-potential values of the mem-
branes were recorded at various pH values. The surface porosity of the
membrane bottom was estimated by the binary images produced by
ImageJ software.

2.4. Filtration and separation test

Permeability and rejection tests were performed on a Millipore fil-
tration cell (Amicon 8003, Millipore Co.) at a stirring speed of 600 rpm
and a pressure of 1.0 bar. The filtration cell has a working volume of
3mL and an effective membrane area of 0.9 cm2. The phenolic mem-
branes were attached on the support of polyester non-woven before
fitting into the filtration cell. A pre-compaction at 1.0 bar was carried
out for 15min to obtain a stable water flux, and then the permeance of
the membrane was record. Cyt. C was dissolved in phosphate buffer
(pH=7.4) at a concentration of 0.02 g/L, and was used to probe the
retentions of the membranes. The Cyt. C concentrations in the feed and
filtrate were monitored using a UV–vis absorption spectrometer
(NanoDrop 2000c, Thermo) and the intensities of the Cyt. C char-
acteristic peaks at the wavelength 405 nm of the feed and filtrate were
compared to determine the retention rate of Cyt. C of the membrane.

Four PEGs with molecular weights of 10 kDa, 6 kDa, 1.5 kDa, and
600 Da were mixed in water at a concentration of 1.0, 1.0, 1.0 and
1.0 g/L, respectively, and used to determine the molecular weight cut-
off (MWCO) of the membranes. MWCO is defined as the molecular
weight of PEGs that are rejected by 90% [27]. The concentrations of
PEGs with different molecular weights were analyzed by gel permea-
tion chromatography (GPC, Waters 1515).

To investigate the dyes rejection performances of the membranes,
5.0 mg/L MB and 1.5 mg/L RhB were used as the feed, respectively. As
their charge conditions are slightly different (MB, cationic form; RhB:
cationic and zwitterion forms), the rejections of both dyes can not be
comparable. Hence, the feed concentrations of the two dyes were not
consistent as it may make no sense to keep the same. The feeds and
filtrates were monitored using the UV–vis absorption spectrometer, and
the intensities of the characteristic peaks at the wavelength of around
664 and 554 nm of the feeds and filtrates were compared to determine
the rejection rates of MB and RhB of the membranes, respectively.

3. Results and discussion

The phenolic membrane presents an intrinsic color of light yellow
prior to PEI soaking (Fig. S1). Upon immersing into PEI aqueous solu-
tions followed by rinsing with deionized water, the color of the mem-
brane was darken, indicating the deposition of PEI on the membrane
(Fig. 2a). The branched PEI was applied as the deposited polyelec-
trolyte, offering abundant amino groups for the PEI-deposited mem-
branes. Thus the hydrophilic nature of the phenolic membranes is su-
perior than that of the deposited ones, which has been verified by the
lower water contact angle of the deposited membranes (22° vs 41°, Fig.
S2 and the inset of Fig. 2a). It should be noted that, the surface
roughness of the membrane was increased from 1.1 to 3.3 nm after PEI
soaking as demonstrated by atomic force microscope (AFM) topography
(Fig. S3 and Fig. 2b), further demonstrating the capability of PEI de-
position in the phenolic membranes. In contrast to the pristine mem-
branes (Fig. S4), the pores in the deposited membranes are evidently
narrowed (Fig. 2c-e), suggesting the effective deposition of PEI on the
phenolic membranes. Notably, the branched PEI having high molecular
weights (Mr = 600,000-1,000,000) are used here. Such PEI molecules
with large sizes can not penetrate into the narrowest gaps on the
membrane top as the effective size of the pristine phenolic membranes
is < 10 nm [20]. Alternatively, the PEI would reside on the external
surface of the phenolic particles on the membrane top, minimizing the
effective pore size of the membranes [25]. Oppositely, PEI penetrated
into the membrane interior from the membrane bottom to further ad-
sorb on the external surfaces of the phenolic particles, leading to the

reduced sizes of the gaps between particles. The typical shrinkage of the
surface porosity of the membrane bottom from 61.3% to 40.8 % de-
monstrates the coating of PEI on the phenolic particles. Consequently,
the phenolic structures with rather small pores modified with PEI be-
come tight in the membrane top, while the highly porous structures
beneath the surface still keep loose after PEI deposition (Fig. 2e). Hence
the membranes still possess the gradient nanoporous structures after
deposition.

To further demonstrate the deposition of PEI on the phenolic
membranes, Fourier transformation infrared (FTIR) was applied to
monitor the changes of the chemical compositions of the membranes
before and after PEI deposition (Fig. 3). The absorption bands of –OH
and N–H are assigned as around 3429 cm-1 [28]. Due to the introduc-
tion of N–H group and the enhanced hydrophilicity after PEI deposition,
the broad peak centered around 3429 cm-1 became much stronger in
the spectrum of the PEI-coated membrane. Meanwhile, the peak of N–H
bend at around 1537 cm-1 was revealed resulting from the introduction
of PEI [29]. Additionally, after PEI deposition, C–H stretching vibration
located at 2950-2840 cm-1 was enhanced [30] while the characteristic
stretching of phenolic centered at 1645, 1475 and 1375 cm-1 were
further strengthened as the introduction of –CH2- [31], implying the
successful deposition of PEI in the phenolic membranes. As the hy-
drogen-bonding interaction between PEI and phenolics occurred in
addition to the electrostatic interaction, the peak of hydrogen bonding
at 1012 cm-1 was notably enhanced in the phenolic membranes after
PEI deposition.

Surface charge profiles of the negatively charged phenolic mem-
branes before and after PEI deposition were also acquired (Fig. 4). The
isoelectric point of the phenolic membrane was pH 5.25, indicating that
the membrane is positively charged below pH 5.25 and is negatively
charged above pH 5.25 [32]. After PEI deposition, however, the iso-
electric point was shifted to pH 9.56 due to the introduction of PEI.
That is, the zeta potentials of the deposited membrane were positive
when pH < 9.56, and vice versa. Compared to that of the deposited
membrane, the surface charge profile of the phenolic membrane is more
flat, indicative of the increased surface charges of the PEI-deposited
membrane. That is, as numerous amino groups are distributed in
branched PEI chains, the membrane surface is endowed with more
positive charges in the deposited membranes.

The permeance of the deposited membranes was investigated sub-
sequently, which was determined to be around 116 L∙m-2∙h-1∙bar-1 at
1.0 bar under a successive testing (Fig. 5a). The fast decline of the
permeance at the initial stage is due to the compression of the structures
constructed by phenolics and PEI during filtration, which is common in
other polymeric membranes. The stable permeance of the membranes
can still remain ca. 73% compared to its initial value. There is no abrupt
increase in permeance shown in Fig. 5a, implying the stability of the
deposition of PEI on the phenolic substrate. Meanwhile, the rejection
rate of cytochrome C (Cyt. C, Mw=12.4 kDa) of the deposited mem-
branes was determined to be 99% according to the UV–vis spectrum
(Fig. 5b), which is higher than that of the pristine membrane before PEI
deposition (∼95%) [21]. It is worth noting that such a high rejection
rate did not deteriorate with the under extending filtration, suggesting
the stable coating of PEI on the phenolic substrates. Considering that
the size of Cyt. C is 3.8 nm×2.5 nm×2.5 nm [33], we estimate that
the effective pore diameter of the deposited membranes is a little bit
larger than 2.5 nm but smaller than 3.8 nm. To characterize the effec-
tive pore size, polyethylene glycol (PEG) mixtures with varied mole-
cular weights were then used as rejection solutes to perform the se-
lective separation. As shown in Fig. 5c, the response peak of the 10 kDa
PEG was not detected in the filtrate. In other words, the complete re-
jection of the 10 kDa PEG is achieved as the response value is propor-
tional to the concentration of PEG. Since the PEG with higher molecular
weights exhibit shorter responsive times, we conclude that the 6 kDa
PEG are almost rejected while the 1.5 kDa and 600 Da PEG are partly
rejected. Based on these results, a MWCO of the PEI-deposited
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membrane can be determined as 2650 Da (Fig. 5d), which is superior to
the MWCO of the pristine membrane (∼12.2k Da) [20]. The mass
balance of the rejections of the PEGs is well maintained. The adsorption
of the PEGs on the phenolic membranes could be overlooked as de-
monstrated in our previous work on one hand [11]. On the other hand,
the functional bonds that enable the formation of hydrogen bonds be-
tween the PEGs and the deposited membranes have been largely con-
sumed after PEI deposition (Fig. 1b). Therefore, the contamination of
PEGs on the membranes is negligible.

Based on the rejection results of the PEGs, the effective pore dia-
meter (D, Å) can be estimated according to the following equation [34]:

Fig. 2. Gradient nanoporous phenolic membranes after PEI deposition. (a) The digital photograph of the membrane. The inset is a water contact angle on the
membrane. (b) The AFM 3D image of the membrane. (c) The SEM top surface of the membrane. (d) The SEM bottom surface of the membrane. (e) The SEM Cross
section of the membrane.

Fig. 3. FT-IR spectra of the phenolic membrane before (upper) and after (down)
PEI deposition.

Fig. 4. The surface charge profiles of the membranes before and after PEI de-
position as a function of pH.

L. Guo, et al. Journal of Membrane Science 587 (2019) 117172

4



D=0.3246×M 0.557 (1)

where M (Da) represents MWCO. Thus the estimated pore diameter of
the deposited membranes is 2.6 nm, which is in good consistence with
the rejection result of Cyt. C. Interestingly, compared to other UF
membranes reported in previous works and commercial membranes
with similar MWCOs [11,35-52], the PEI-deposited membranes pre-
pared in this work exhibit ∼4–45 times higher permeance (Fig. 6 and
Table 1).

The similar works provided in Fig. 6 and Table 1, in which the PEI
was introduced as the active moiety in the existing membrane surfaces
[42-51]. In these pathways, either the sophisticated produces were
applied to construct the PEI composited layers or the one-time coating
of PEI composites was used to modify the substrate membranes. In
contrast to these works, we found that only one-time coating of PEI
would be needed to prepare the TUF membranes in our study while the
superior permselectivity is guaranteed. This is partly due to the dis-
tribution of the abundant hydroxyls on the outmost surfaces of the
phenolic nanoparticles after soaking membranes in the acid solutions.
Moreover, taking the highly permeable phenolic substrates endowed
with gradient nanoporous structures into consideration, we assume that
the special structures of the substrate membranes should be another
decisive factor in determining the performance of the prepared TUF
membranes.

Compared to the pristine phenolic membranes, the deposited
membranes exhibit a slight decrease in effective pore size while the
permeance was reasonably reduced (Table S1). The decline of the
permeance was indicative of the effective deposition of PEI on the
pristine membranes. As the deposition of PEI can not be performed in
the narrowest pores of the membrane top, we speculated that the tight
pores were produced by the synergism of PEI and the underlying
membrane surface. The deposited PEI was trapped on the topographical
surface of the membranes, which minimized the sizes of the larger gaps
(compared to the narrowest positions) between the phenolic particles
(Fig. S5). Thus the pores having decreased effective sizes were prepared
in the deposited membranes.

As a result of the electrostatic co-assembly of the positively charged
PEI and negatively charged phenolics, the deposited membranes exhibit
positive charges in the surface and pore wall. Therefore, the deposited
membranes with an effective pore diameter of ca. 2.6 nm have much
potential to be used in rejecting positively charged dyes. Two model
dyes were then selected for electrostatic repulsion-based membrane
separation. As a first exemplary dye, methylene blue hydrate (MB), a
typical cationic dye, has a strong interaction to phenolics because of
hydrogen bonds [53] As MB aqueous solutions (pH=7) are designated
as the feed, a large amount of MB adsorbed on the phenolic membrane
resulting from both interactions including electrostatic attraction and
hydrogen bonding (Fig. S6). Upon depositing PEI, which is a

Fig. 5. The separation performances of the deposited
membranes. (a) Time dependence of water per-
meance of the deposited membrane under a pressure
of 1.0 bar. (b) The UV–vis spectra of Cyt. C in the
feed and filtrate. (c) The chromatograms of the PEG
mixtures of the feed and filtrate. (d) The rejection
curve of the deposited membranes.

Fig. 6. Comparison of water permeamces and MWCOs of the deposited membranes in this work and other membranes.
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polycation, on the phenolic membrane, thus obtained membrane turned
to be postively charged. The deposited membrane exhibited a rejection
of 85.4% to MB (Fig. 7a). The color change of the deposited membrane
was nearly negligible after MB filtration (the inset of Fig. 7a), indicating
that MB adsorption on the membrane was minor. Moreover, the mo-
lecular diameter of the hydrated MB is ca. 1.1 nm [54], which means
the electrostatic repulsion plays the dominated role in rejecting MB by
2.6 nm pores in the PEI-deposited membrane [55]. Cationic rhodamine
B (RhB), the dye with a molecular diameter of about 1.8 nm [56] was
further chosen as the secondly charged model solute. RhB molecules
were rejected with a rate of 64.2% possibly due to their switching be-
tween cationic and zwitterion forms (Fig. 7b) [57]. It is noted that, no
noticeable RhB adsorption occurred in the membrane during separation
(the inset of Fig. 7b). Moreover, as clearly demonstrated by the pictures
of the membranes before and after dye filtration (insets in Fig. 7a and
b), the membranes maintained their original colors after filtration,
confirming the strong adhesion of the PEI coating layer on the phenolic
substrates. As rare contamination was introduced in the membranes
during filtration, the modified membranes can be used repeatedly. The
rejections of dyes enabled by the deposited membranes may pave a new
way to design UF membranes with ultrahigh permeance for high-effi-
ciency dye removal.

4. Conclusions

In conclusion, highly permeable TUF membranes are produced by
electrostatic deposition of PEI on the gradient nanoporous phenolic
substrate. The one-step deposition is capable of bringing the effective
pore size of the membrane down to ca. 2.6 nm. Thus fabricated mem-
branes exhibit ∼4–45 times higher permeance than other membranes
with similar rejections. Furthermore, attributing to the distribution of
positively charged PEI molecules on membrane surface and narrowed
pores, the deposited membranes are able to separate cationic MB and
RhB dyes from water. This work demonstrates that structure design in
porous substrates offers new chances to produce fast membranes with
tight rejections.
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Fig. 7. The UV–vis spectra of the feed and filtrate involved in the separation of
MB (λ=664 nm) and RhB (λ=554 nm) solutions by the deposited membranes:
(a) MB; (b) RhB. The corresponding digital photographs of the feed and the
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