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A B S T R A C T

Tight ultrafiltration (UF) membranes with high permeances have gained growing attention in the separation of
biomacromolecules. Herein, we report the preparation of gradient carbonaceous structures filled in macroporous
polyvinylidene fluoride (PVDF) substrates and their efficient separation of polypeptides. Gradient phenolics
composed of nanoparticles with sizes increasing from top side to bottom side are firstly synthesized inside PVDF
substrates. When soaked in concentrated H2SO4, phenolic nanoparticles are partially carbonized and foamed to
form micropores while the PVDF substrate maintains intact. Thus-produced carbonaceous membranes are me-
chanical robust and exhibit narrowed pore sizes and enhanced hydrophilicity. Their permselectivity can be
adjusted simply by changing the dosages of phenolic precursors filling into the PVDF substrates. Low dosages
lead to remarkably high water permeances up to 1721 L/(m2·h·bar). At higher dosages, the membrane is tigh-
tened to show a molecular-weight-cut-off (MWCO) down to 3.7 kg/mol and high permeances several times larger
than other membranes with similar MWCOs. We demonstrate that such a tight UF membrane efficiently sepa-
rates polypeptides with molecular weights of only a few kg/mol (angiotensin Ⅱ and thymosin β4). Our work
opens a new avenue for the synthesis of high-flux tight UF membranes with narrowed pores, enabling the precise
separation and fractionation of biomacromolecules.

1. Introduction

Recognizing, separating and purifying biomacromolecules (such as
antibodies, proteins and polypeptides) from a complex mixture are of
great importance in pharmaceutical biotechnology and clinical diag-
nosis [1,2]. Currently, biomacromolecules are commonly separated by
chromatography or electrophoresis, where the separation efficiency is
determined by the sieving interaction with the migrating molecules [3].
However, these approaches are challenged by high costs, inactivation of
biomaterials or difficulties in sample recovery. In contrast, membrane
processes that represent an alternative approach for biomacromolecule
separation are drawing extensive attraction and becoming indis-
pensable for the high efficiency, low-temperature operation, and scale-
up production [4,5]. For example, mixtures of bovine serum albumin
(BSA) and bovine haemoglobin (BHA) or myoglobin can be differen-
tially separated in continuous flow through the nanoporous membranes
based on their size and electrostatics [6]. However, membrane se-
paration of biomacromolecules with close sizes has not yet been widely
adopted because of the lack of membranes with delicately structured
porosities ensuring both tight rejections and high fluxes.

In general, most biomacromolecules can be selectively retained
using membranes with molecular-weight-cut-offs (MWCOs) in the
range of 1–10 kg/mol according to the size-sieving mechanism [7].
Such membranes are defined as tight ultrafiltration (UF) membranes
and their effective pore sizes are 2–10 nm [8,9]. According to the
Hagen-Poiseuille's law, the permeances of tight UF membranes can be
improved by minimizing the thicknesses of separation layers [10].
Highly size-selective and permeable tight UF membranes composed of a
thin separation layer supported by a robust macroporous substrate are
therefore highly popular in the past decades [7]. To this end, silica-
based tight UF membranes with ultrathin separation layers and vertical
nanochannels were fabricated by various templating methods for mo-
lecular separations [11,12]. Deposition technologies such as electroless
gold deposition and atomic layer deposition were developed to pre-
cisely reduce pore sizes down towards the tight UF category [13,14].
However, these inorganic membranes are difficult to produce with large
lateral sizes and frequently suffer from problems of fragileness and high
costs [15]. Polymeric tight UF membranes such as polyvinylidene
fluoride (PVDF), polyethersulfone (PES) and polyacrylonitrile (PAN)
are usually prepared by the phase inversion method [16]. However,
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precise controls on pore sizes and thicknesses of skin layers to balance
the permeance and selectivity remain challenging in this process [17].
By selectively etching amorphous phases and tailoring etching condi-
tions, a crystalline polyethylene (PE) membrane with 5-nm-pores was
prepared and applied for size-selective diffusion of glucose and albumin
[18]. Although a great variety of pore geometries with tailored pore
sizes can be obtained in binary and ternary polymer mixtures, the pores
are usually too large for the separation of biomacromolecules with sa-
tisfying selectivity [19]. By taking advantage of inherent stimulus re-
sponsive properties of polymeric membrane materials, the pore sizes
can be easily decreased to sub-5 nm by tuning external stimuli, e. g., pH
or temperature, thus enabling transport and separation of proteins
[20,21]. However, the pore sizes are dependent on the external con-
ditions, which may inactivate or denaturalize biomacromolecules to be
separated and limit the application range of such membranes. Alter-
natively, a two-step process has been employed for fabrication of tight
UF membranes via producing initial pores with diameters of tens of
nanometers, followed by shrinking the pore size down to tight UF range
[22]. For example, multi-layered nanocellulose membranes with pore
size of 7.4 nm were prepared using vacuum-filtration of cellulose na-
nofibers suspensions followed by dip coating with cellulose nanocrys-
tals [23]. However, in these cases, pore sizes are narrowed down to the
tight UF regime at the cost of reduction in the porosities, and conse-
quently permeances. Therefore, tight UF membranes with high per-
meances remain a challenge and are highly desired.
Reasonable costs and good stability are also highly important for

real-world applications of tight UF membranes. As one of the earliest
synthesized polymers, phenolics are widely used in various applications
from commodity, construction materials to high technologic aerospace
industry owing to the low cost, good mechanical strength, resistance
against various solvents and flame retardance [24]. Moreover, phe-
nolics are expected to be well compatible with biomacromolecules since
similar polymers are used for fabrication of chromatography beads and
monoliths for protein separation [15]. Mesoporous phenolics have been
produced decades ago by evaporation-induced self-assembly of low-
molecular-weight phenolic resin (resol) and commercially available
triblock copolymers [25]. However, mesoporous phenolic membranes
for separation applications are rarely explored mainly because of their
brittleness. Previously, we prepared tight UF phenolic membranes filled
in macroporous PVDF substrates for lysozyme separation [26]. Bene-
fiting from the supporting effect of PVDF, the phenolic membranes
exhibited good mechanical stability [27]. However, sub-10 nm pores
were symmetrically distributed in separation layer with a thickness
over 10 μm, resulting in high mass transfer resistance and hence low
fluxes. By designing a gradient porous structure with pore size in-
creasing from a few nanometers in the top side to hundreds of nan-
ometers in the bottom side, phenolic membranes with unprecedented
high flux were prepared [28]. Embedding the gradient phenolics in
macroporous PVDF substrates ensures their robustness during pressure
driven separation process [29]. However, the MWCOs of gradient
phenolic membranes are larger than 10 kg/mol, which is too large to be
used as tight UF membranes. Novel methods remain desired for the
preparation of tight UF phenolic membranes with high fluxes, low costs
and good stability.
As the gradient structures provide high permeances while small

pores on surface contribute to high rejection rates, we expect that tight
UF membranes with high permeances can be obtained by reducing the
pore sizes of above mentioned gradient phenolic membranes. In the
preparation of porous phenolics, H2SO4 is required for the formation of
nanopores. In this work, a two-step H2SO4 treatment method is pro-
posed to prepare phenolic-derived carbonaceous tight UF membranes.
Gradient phenolics are firstly generated by 55 wt% H2SO4 treatment,
followed by soaking in concentrated H2SO4 to narrow the nanopores
while introducing micropores into the carbonized phenolics. Thus
prepared phenolic-derived carbonaceous membranes exhibit excellent
tight UF performances than other membranes, and can efficiently

separate polypeptides with molecular weights down to a few kg/mol.

2. Experimental

2.1. Chemicals

Macroporous PVDF flat membranes with a diameter of 25mm and
an average pore size of 0.22 μm (porosity of 70%) were purchased from
Merck Millipore. Lysozyme (molecular weight (Mw)=14.3 kg/mol),
polyethylene glycols (PEGs, Mw=0.6, 1.5, 4, 10, 20 kg/mol) and
Pluronic block copolymer F127 (poly (ethylene oxide)106-block-poly
(propylene oxide)70-block-poly (ethylene oxide)106, Mw=12.6 kg/mol)
were provided by Sigma-Aldrich. Ethanol (≥99.8%) was purchased
from Aladdin. Two types of polypeptides, angiotensin Ⅱ
(Mw=1046.2 g/mol) and thymosin β4 (Mw=4963.5 g/mol), were
purchased from Mimotopes Peptides Company. The properties of an-
giotensin Ⅱ and thymosin β4 are listed in Table S1. Formaldehyde so-
lution (40.0%), phenol (99.0%), ZnCl2 (98.0%), H2SO4 (98.0%), HCl
(38.0%), NaOH (96.0%), acetonitrile (99.8%) and trifluoroacetic acid
(99.0%) were provided by local suppliers. All materials were used
without further purification. Home-made deionized water was used in
all the tests.

2.2. Preparation of phenolic precursor solutions

Precursor solutions containing resol, ZnCl2 and F127 was prepared
by the method described in our previous work [29]. 0.6 g phenol, 0.13 g
20wt% NaOH and 1.1 g formaldehyde solution were mixed and stirred
at 75 °C for 1 h. The obtained solution was neutralized using HCl
(0.6mol/L). After dried at 45 °C for 15 h in vacuum, the obtained resol
was dissolved in 13mL ethanol. The precipitated NaCl was removed by
a syringe filter with the pore size of 200 nm. Afterwards, 2.5 g ZnCl2
and 0.67 g F127 were mixed with the solution, followed by stirring for
10 h in an ice-bath.

2.3. Fabrication of carbonaceous membranes

Firstly, the PVDF substrates were placed on a Teflon platform hor-
izontally. The phenolic precursor solutions with the concentration of
28 wt% were dropped onto PVDF substrates with the dosages of 25, 30,
35 and 40 μL/cm2 at room temperature (details are listed in Table S2).
The solutions rapidly permeated into the macroporous substrates. The
membranes were immediately subjected to thermal treatment at 100 °C
for 6 h to evaporate solvent and to polymerize resol. Afterwards, the
membranes were subjected to 55 wt% H2SO4 soaking at 100 °C for 2 h
and further 98wt% H2SO4 (concentrated H2SO4) soaking at 100 °C for
2 h, producing composite membranes with phenolic-derived carbonac-
eous gradient structures filled in PVDF substrates (thereafter denoted as
carbonaceous membranes). To explore the carbonization effect of
concentrated H2SO4, membranes after soaking in 55wt% H2SO4 were
carbonized by calcination in a tubular furnace at 800 °C for 4 h under Ar
flow to produce fully carbonized membranes. The heating rate was
2 °C/min below 350 °C and 5 °C/min above 350 °C.

2.4. Characterizations

Raman spectra were recorded on a Horiba Labram HR800 Raman
spectrometer with a laser wavelength of 514 nm. Fourier transform
infrared spectroscopy (FTIR) spectra were acquired on an infrared
spectrometer (Nicolet 8700) at attenuated total reflection (ATR) mode.
Dynamic water contact angles (WCAs) of the membrane surface were
determined by a contact angle goniometer (DropMeter A100, Maist).
Scanning electron microscopy (SEM, Hitachi S4800) was conducted at
5 kV. Before SEM investigations, a thin layer of Pt/Pd were sputter-
coated on the samples. The sizes of nanoparticles at varied filling depths
were measured using the software named Nano Measurer based on SEM
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images. At each filling depth, the sizes of 50 nanoparticles were mea-
sured and the average particle size was recorded. Transmission electron
microscope (TEM) was conducted on a Tecnai 12 microscope (Philips
Company, Holland) operated at 200 kV. For TEM observations, the
membranes were embedded in epoxy resin and microtomed by a dia-
mond knife on a Leica EM UC7 microtoming system to slices with a
thickness of ~100 nm, and retrieved on TEM grids. Tensile strength
tests were operated using a universal testing machine (CMT-6203,
MTS). Membranes were cut into rectangles with the size of 5×20mm2

for the tests.

2.5. Filtration performances

A dead-end filtration cell (Amicon 8010, Millipore) was utilized to
examine water permeances and rejection rates of carbonaceous mem-
branes under 0.4 bar. Before permeance tests, the membranes were pre-
pressed at 0.4 bar for 15min. The permeances of the membranes are
calculated by equation (1):

=
× ×

P V
A t p (1)

where P (L/(m2·h·bar)) is the permeance, V (L) is the volume of per-
meated water, A (m2) is the effective membrane area (4.1 cm2), t (h) is
the permeation time and Δp (bar) is the pressure drop across the
membranes. For rejection tests, lysozyme dissolved in phosphate buffer
solution (pH 7.4) (0.5 g/L) was used as the feed. Concentrations of the
lysozyme solutions were analyzed by an ultraviolet–vis absorption
spectrometer (NanoDrop 2000c, Thermo). The rejection rates to lyso-
zyme are calculated by equation (2):

= ×R
C
C

1 100%fi

fe (2)

where R (%) is the rejection rate, Cfi and Cfe (g/L) are concentrations of
the filtrate and the feed, respectively. In all the filtration tests, three
membranes were taken for testing and the average values were re-
ported. PEGs with molecular weights of 0.6, 1.5, 4, 10, 20 kg/mol were
mixed in water (1.0 g/L for each PEG) and employed to test MWCOs of
the membranes. Concentrations of PEG solutions were determined by a
gel permeation chromatography (GPC, Waters 1515).

2.6. Separation of polypeptides

10mL of the aqueous solution containing angiotensin Ⅱ (50mg/L)
and thymosin β4 (50mg/L) were employed as the feeds. The responsive
values at different responsive times (T) of each polypeptide in the feeds
and filtrates were monitored using a high performance liquid chroma-
tography (HPLC, Agilent 1200). The testing conditions of HPLC analysis
are listed in Table S3. The rejection rates to polypeptides are calculated
by equation (3):

= ×R
S
S

1 100%fi

fe (3)

where Sfi and Sfe (mAU·s) are peak areas of polypeptides in the HPLC
spectra of the filtrate and the feed, respectively.

3. Results and discussions

3.1. Carbonization of phenolics by concentrated H2SO4

The concentrated H2SO4 possesses strong dehydration effect, which
is a chemical process of capturing hydrogen and oxygen in proportion
of 2:1 from organics [30]. We firstly investigated the resistance of PVDF
substrates to the concentrated H2SO4. The pristine PVDF substrate takes
a white appearance with a macroporous structure, which is not changed
after soaking in concentrated H2SO4 (Fig. S1). Moreover, the weights of

PVDF substrates before and after soaking in concentrated H2SO4 are
37.7 mg and 37.9mg, respectively. These results suggest that the PVDF
substrates can survive concentrated H2SO4 treatment due to the non-
existence of oxygen. As a result, the partially carbonized phenolics are
formed while PVDF is unaffected after soaking in concentrated H2SO4.
As shown in Fig. 1a, membranes before soaking in concentrated H2SO4
were yellowish, which is the color of phenolics. Benefiting from the
holding of PVDF substrates, membranes exhibited good flexibility and
bendability (Fig. 1b). After soaking in concentrated H2SO4, membranes
turned to be black, suggesting the formation of carbonaceous structures
(Fig. 1c). Meanwhile, the good bendability was maintained, indicating
the good durability and mechanical stability of the membranes
(Fig. 1d). Because the strong acid treatment is used in the preparation
process, the membranes are expected to exhibit good resistance against
acids.
Raman spectroscopy was used to determine the carbonaceous

characteristics of phenolics before and after soaking in concentrated
H2SO4 (Fig. 1e). The membrane after soaking in 55wt% H2SO4 was
carbonized by calcination at 800 °C to prepare carbon membrane,
which was used as the reference for distinguishing D band and G band
in Raman spectra. The carbon membrane displays the D band at
1335 cm−1 and the G band at 1600 cm−1 in Raman spectrum, which
correspond to disordered amorphous carbon and graphitized carbon,
respectively [31,32]. These two bands cannot be identified in the
spectrum of membrane before soaking in concentrated H2SO4. By
contrast, the concentrated H2SO4-soaked membrane exhibits a weak D

Fig. 1. Carbonization of membranes fabricated with a precursor dosage of 40
μL/cm2 by concentrated H2SO4. Photographs of membranes (a–b) before and
(c–d) after soaking in concentrated H2SO4 at 100 °C for 2 h. (e) Raman spectra
of membranes before and after soaking in concentrated H2SO4 at 100 °C for 2 h,
and after calcination at 800 °C for 4 h in Ar.
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band at 1335 cm−1 and an intense G band at 1600 cm−1, indicating
that the membrane is partially graphitized. Moreover, the peaks of
PVDF substrates at 1380 and 1550 cm−1 ascribed to C–F and C]C [33]
remain unchanged in the spectra of membranes before and after
soaking in concentrated H2SO4. These results testify that phenolics are
carbonized and graphitized to a certain extent after soaking in con-
centrated H2SO4 whereas PVDF substrates survive.
Besides the strong dehydration effect, concentrated H2SO4 is cap-

able of oxidizing phenolics and introducing new functional groups to
phenolics [30]. We investigated the changes in compositions of the
membranes before and after soaking in concentrated H2SO4 by FTIR
(Fig. 2a). The peak at 3400 cm−1 is originated from the phenolic and
aliphatic –OH [34]. The intensity of this peak is greatly enhanced in the
spectrum of carbonaceous membrane, indicating the increase in the
number of –OH groups [35]. Moreover, a new peak at 1030 cm−1 is
observed, which is ascribed to aromatic C–O [36]. This new peak
suggests the generation of oxygen-containing substituents (such as
primary alcohol, carboxylic, anhydride, lactone and ketone) on benzene
rings [37,38]. Consequently, the asymmetric stretching vibrations of
benzene rings are enhanced, resulting in the increased intensities of the
peaks at 1650 and 1600 cm−1 ascribed to aromatic C]O and C]C of
phenolics, respectively [38]. In addition, the FTIR spectra of the bare
PVDF substrates before and after soaking in concentrated H2SO4 were
also investigated (Fig. S2). The peaks at 880, 1180 and 1400 cm−1 are
originated from the C–C, CF2 and C–H of PVDF, respectively [39]. These
peaks are intact after soaking in concentrated H2SO4, which confirms
that PVDF is able to survive the concentrated H2SO4 soaking and is
consistent with the Raman spectra.
Because of the abundant oxygen-containing functional groups pro-

duced by concentrated H2SO4, the carbonaceous membranes are

expected to exhibit stronger surface hydrophilicity. We measured the
dynamic WCAs of membranes before and after soaking in concentrated
H2SO4 (Fig. 2b). The membrane before soaking in concentrated H2SO4
is slightly hydrophobic and an initial WCA of ~97° was measured.
However, the initial WCA is decreased to ~60° for the carbonaceous
membrane. Moreover, the carbonaceous membrane exhibits a higher
slope of the WCA curve, implying that it is easier and faster for water to
penetrate through the membrane. Therefore, it is revealed that phe-
nolics are endowed with good hydrophilicity after soaking in con-
centrated H2SO4.

3.2. Morphologies of carbonaceous membranes

We previously investigated the formation of pristine gradient phe-
nolics embedded in PVDF membranes before soaking in concentrated
H2SO4 [29]. Phenolic nanoparticles with sizes increasing from top side
to bottom side were generated by ZnCl2-accelerated resol polymeriza-
tion and fast solvent evaporation [28]. The following 55 wt% H2SO4
soaking process removed ZnCl2 and F127, resulting in gradient nano-
pores filled in macroporous PVDF substrates (Fig. S3). Afterwards, the
as-prepared membranes were soaked in concentrated H2SO4 to obtain
carbonaceous membranes. The good resistance of obtained membranes
to concentrated H2SO4 is contributed from the oxygen-free PVDF and
the highly cross-linked phenolic frameworks. It should be noted that
55 wt% H2SO4 soaking is required to remove F127, which cannot tol-
erate concentrated H2SO4. As shown in Fig. S4, carbonaceous mem-
branes without 55wt% H2SO4 soaking exhibit many defects on the
surface, and the gradient cross-sectional structures are disturbed as
well.
We prepared carbonaceous membranes using precursor dosages of

25–40 μL/cm2 and characterized their gradient structures. As shown in
Fig. 3a and Fig. S5, the membrane has a gradient pore structure ar-
chitected by carbonaceous phenolic nanoparticles with sizes increased
from the top side to the bottom side. The carbonaceous nanoparticles
are densely packed and they are very small at filling depth< 30 nm.
However, the nanoparticle sizes are rapidly increased to ~40 nm at
filling depth of 0.5 μm, and ~135 nm at filling depth of 5 μm (Fig. 3b).
The carbonaceous nanoparticles can also be distinguished in TEM
image (Fig. 3c). Moreover, we noted that micropores are formed inside
the carbonaceous nanoparticles after soaking in concentrated H2SO4
(Fig. 3d). The formation of micropores is contributed from the dehy-
dration and oxidation effects of concentrated H2SO4 [36]. The dehy-
dration effect are able to produce free carbons that turn to CO2 and the
oxidation effect leads to reduction of H2SO4 to SO2 by the redox reac-
tion [36]. These gas-state by-products escape from the phenolics, re-
sulting in micropores. That is, concentrated H2SO4 also serves as the
porogen, producing micropores in the carbonaceous nanoparticles. As a
result, the carbonaceous nanoparticles are swelled and expanded in
volume, leading to narrowed pore sizes defined by voids between na-
noparticles (Fig. 3e–f).
Fig. 4 depicts the surface morphologies of carbonaceous membranes

fabricated with different precursor dosages. All membranes exhibit a
continuous surface and the macropores of PVDF substrates are fully
filled by carbonaceous phenolics. Densely packed small nanoparticles
are observed on surface pores of the pristine PVDF substrate. In the
cases of the precursor dosages of 25, 30 and 35 μL/cm2, the filling
nanoparticles and the skeleton of PVDF substrates can be clearly re-
cognized (Fig. 4a–c). However, an integral layer with abundant wrin-
kles is formed on membrane surface when the precursor dosage reached
40 μL/cm2 (Fig. 4d). Note that membranes before soaking in con-
centrated H2SO4 exhibit many gaps on surfaces due to inadequate
filling of phenolics at low precursor dosages (Fig. S6a, b) while intact
surfaces without wrinkles are observed at high precursor dosages (Fig.
S6c, d). The absence of gaps and the presence of wrinkles indicate that
phenolics are swelled and expanded in volume after soaking in con-
centrated H2SO4. The expansion of phenolics is because the porogen

Fig. 2. The compositional changes of membranes fabricated with a precursor
dosage of 40 μL/cm2 before and after soaking in concentrated H2SO4 at 100 °C
for 2 h: (a) FTIR spectra and (b) WCA curves.
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effect of concentrated H2SO4 as we discussed above, leading to the
denser pack of carbonaceous nanoparticles, and consequently narrowed
pore sizes and stronger anchoring of nanoparticles inside the substrates.

3.3. Permselectivities of carbonaceous membranes

Benefiting from the gradient structures, it is expected that the ob-
tained carbonaceous membranes can exhibit high separation efficiency.
We tested the water permeances and lysozyme rejection rates of
membranes fabricated using various precursor dosages. The bare PVDF
substrates exhibit a permeance of ~5800 L/(m2·h·bar) and almost no
rejection to lysozyme. As shown in Fig. 5a, the membrane prepared
using 25 μL/cm2 of precursor exhibit a high permeance of 1721 L/
(m2·h·bar) and a lysozyme rejection rate of 72%. As the increase in
precursor dosage to 30, 35 and 40 μL/cm2, the permeance is decreased
to 1086, 282 and 171 L/(m2·h·bar) whereas the lysozyme rejection rate
is increased to 83%, 98% and 99%, respectively. The high permeances

of the membranes are contributed from the low mass transfer re-
sistances of gradient structures, the micropores in phenolics and the
hydrophilicity of the membranes. However, the increased thicknesses of
the carbonaceous layer on the membrane surface result in the decrease
in permeances. Meanwhile, the high rejection rates to lysozyme are due
to the small nanopores on membrane surface formed by densely packed
small carbonaceous nanoparticles. The expansion of nanoparticles after
concentrated H2SO4 soaking can reduce the nanopores. With the in-
crease in precursor dosages, the amounts of carbonaceous phenolics on
membrane surface are gradually increased, possibly leading to nano-
pores with decreased sizes. Consequently, the rejection rates are in-
creased with the increasing precursor dosages.
Furthermore, the MWCO of membranes fabricated with the pre-

cursor dosage of 40 μL/cm2 was determined by testing the rejection
rates to linear PEGs with varied molecular weights. As shown in Fig. 5b,
the rejection rates to PEGs with molecular weights of 0.6, 1.5, 4, 10 and
20 kg/mol are 26%, 59%, 94%, 98% and 100%, respectively. Therefore,

Fig. 3. Gradient structures of the carbonaceous membrane fabricated with a precursor dosage of 40 μL/cm2. (a) Cross-sectional SEM image of the membrane. (b) The
relationship between the size of the carbonaceous nanoparticles and the filling depth. TEM images of (c) the membrane that is microtomed to slices and (d) a single
carbonaceous nanoparticle. Schematic illustrations of gradient structures of membranes (e) before and (f) after soaking in concentrated H2SO4.
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the MWCO of the membrane is estimated to be ~3.7 kg/mol. According
to the Stokes-Einstein radius of PEGs, the effective pore size in the se-
paration layer of the membrane is estimated to be 3.1 nm using the

following equation [40]:

= ×r m0. 262 0. 3 (4)

where r (Å) is the effective pore radius and m (g/mol) is the MWCO of
the membranes.
Compared with the membranes before soaking in concentrated

H2SO4, the carbonaceous membranes possess smaller pores, which may
lead to lower permeances. However, the presence of micropores and
enhanced hydrophilicity facilitates the improvement of permeances.
We compared the membranes before and after soaking in concentrated
H2SO4 in consideration of permeances and rejections. For example,
membranes fabricated with the precursor dosage of 40 μL/cm2 before
soaking in concentrated H2SO4 exhibits a permeance of 1910 L/
(m2·h·bar) and a lysozyme rejection rate of 32% [29]. After soaking in
concentrated H2SO4, the permeance is slightly decreased to 1721 L/
(m2·h·bar) whereas the lysozyme rejection rate is increased to 72%.
Meanwhile, the permeance of the membrane before soaking in con-
centrated H2SO4 with a lysozyme rejection rate of 71% is 1315 L/
(m2·h·bar), which is lower than that of carbonaceous membrane with a
similar rejection rate [29]. Therefore, we demonstrate that the se-
paration performances of the carbonaceous membranes are sig-
nificantly better than the phenolic membranes without treatment in
concentrated H2SO4. Moreover, we further compared our carbonaceous
membranes with other tight UF membranes prepared with different
methods. As shown in Fig. 6 and Table S4, the carbonaceous mem-
branes prepared in this work exhibit several-folds higher permeance
than other tight UF membranes with similar MWCOs.

3.4. Separation of polypeptides by carbonaceous membranes

Considering their excellent tight UF properties and enhanced hy-
drophilicity, we expect that the carbonaceous membranes can be used
to separate biomacromolecules. To demonstrate it, membrane with the
MWCO of 3.7 kg/mol was used to separate polypeptides. The mixture of
two types of polypeptides, thymosin β4 (Mw=4963.5 g/mol) and an-
giotensin Ⅱ (Mw=1046.2 g/mol), were used as the feed. Here we note
that during the filtration tests, the membrane permeance is stable. This
result indicates a low polypeptide adsorption of the membranes without

Fig. 4. Surface SEM images of carbonaceous membranes fabricated with varied precursor dosages: (a) 25 μL/cm2, (b) 30 μL/cm2, (c) 35 μL/cm2 and (d) 40 μL/cm2.
The white arrows in (d) highlight the wrinkles. The scale bar in (d) applies to (a–d).

Fig. 5. Permselectivities of carbonaceous membranes. (a) Permeances and ly-
sozyme rejection rates of membranes fabricated with varied precursor dosages.
(b) Rejection rates to PEGs with different molecular weights of the membranes
fabricated the precursor dosage of 40 μL/cm2.
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fouling or pore blocking. As shown in Fig. 7, the peaks located at
~7.5min and ~9.2min are ascribed to the thymosin β4 and angio-
tensin Ⅱ, respectively. There is no obvious change in the peak location,
indicating that the polypeptides are well compatible with the mem-
brane without inactivation or denaturalization. According to the peak
areas, it is calculated that ~95.2% and ~28.8% of thymosin β4 and
angiotensin Ⅱ are rejected by the membrane, respectively. Since thy-
mosin β4 and angiotensin Ⅱ in the feed are both 50mg/L in con-
centration, and their concentrations in the filtrate are 2.4mg/L for
thymosin β4 and 35.6mg/L for angiotensin Ⅱ. Therefore, the content
ratio of thymosin β4/angiotensin Ⅱ are decreased from 1/1 to 1/15
after filtration. This result demonstrates that polypeptides with Mw's
larger than the MWCO of the membrane can be significantly blocked
whereas those with lower Mw's can largely permeate through the
membrane. That is, the membrane shows good selectivity to different
polypeptides. It is expected that the carbonaceous membranes can be
used to separate or purify other biomacromolecules as their pore sizes
can be flexibly tuned by changing the preparation parameters.

3.5. Mechanical stability of carbonaceous membranes

One may concern that the concentrated H2SO4 may weaken the
mechanical stability of the membranes. Tensile tests of membranes
before and after soaking in concentrated H2SO4 were performed to
analyze their mechanical stabilities. As shown in Fig. 8, the uniform
elastic strain of the membrane before soaking in concentrated H2SO4 is

26%, which is decreased to 16% for the carbonaceous membrane. The
decrease in elastic strain is indicative of weakened tensile ductility of
the carbonaceous membrane due to the formation of micropores inside
phenolics. However, the ultimate tensile stress of the membrane is in-
creased from 235 N/cm2 to 305 N/cm2 after soaking in concentrated
H2SO4. This might because phenolic nanoparticles are swelled by con-
centrated H2SO4, leading to a slightly larger filling degree of macro-
porous PVDF substrates. Although the tensile ductility of the membrane
is moderately decreased after soaking in concentrated H2SO4, the ten-
sile strength is enhanced. Therefore, thus produced carbonaceous
membranes possess good mechanical robustness and are competitive
for tight UF applications.

4. Conclusions

We demonstrate the preparation of high-flux carbonaceous tight UF
membranes with gradient structures and their efficient separation of
polypeptides. Phenolic precursors are filled into the macroporous PVDF
substrates, which are then heated to thermally polymerize precursors
and to fast evaporate solvents. Phenolic nanoparticles with sizes in-
creasing from the top side to the bottom side are formed inside the
substrate pores in this fast-solvent-evaporation process. Thus-produced
phenolic-filled membranes are soaked in concentrated H2SO4. In this
treatment, phenolics are partially carbonized while the gradient struc-
ture is maintained and the PVDF substrate remains intact. The obtained
carbonaceous membranes exhibit narrowed effective pore sizes (down
to~ 3 nm) and enhanced hydrophilicity. By tuning the dosages of the
phenolic precursor filling in the PVDF substrates, the carbonaceous
membranes exhibit high water permeances of 171–1721 L/(m2·h·bar)
and high lysozyme rejection rates of 72–99%. Importantly, the mem-
brane prepared with a precursor dosage of 40 μL/cm2 exhibits a tight
MWCO of 3.7 kg/mol and a water permeance as high as 171 L/
(m2·h·bar), which is several times higher than other membranes with
similar MWCOs. We demonstrate that the carbonaceous membranes can
efficiently separate polypeptides with close molecular weights. Our
work opens a new pathway for designing tight UF membranes with high
permeances, which are highly desired in the field of separation, frac-
tionation and purification of biomacromolecules.
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