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Short-chain amino acids functionalized cellulose nanofibers
composite ultrafiltration membrane with enhanced
properties

Dujian Qin," Dalun Zhang, *" Zigiang Shao,"" Jianquan Wang,* ® Keguang Mu*
Yanhua liu,’ libin Zhao,"

TEMPO-oxidized cellulose nanofibers (TOCNs) were blended with cellulose acetate
(CA) to fabricate high water flux ultrafiltration membrane. In order to further reduce the
fouling behavior of membrane, short-chain amino acids were selected as modifiers to graft
onto membrane surface. Some properties of modified membranes had been changed such as
penetrability, contact angle, zeta potential, anti-fouling and mechanical properties. It was
observed that the water flux of TOCNs composite membrane raised from 11.8 1/m?h to 123.4
I/m’h, over 10 times increment compared with unmodified CA membrane. As reinforcing
nanofibers, TOCNSs also have positive impact for modified membrane on mechanical property.
The tensile strength and elongation at break of composite membrane were increased by 23.9%
and 40.4%, respectively. After short-chain amino acids modification, little or even no variation
had been found in cross-section morphology and pores structure of membrane. The flux
recovery ratio (FRR) of lysine modified membrane was increased from 80.0% to 95.9%, while
irreversible fouling loss (Rir) decreased from 20% to 4.1%. Grafting lysine onto membrane
effectively improved the resistance to protein fouling of membrane, without sacrificing water
flux and mechanical properties.

1. Introduction

In recent years, the rapid growth of bio-separation has increased
the demand for efficient and large-scale purification process of
protein. U Ultrafiltration membrane technology is an attractive
alternative [ to conventional energy-intensive separation because of
its outstanding high throughput and low process cost. As the
petroleum based products, most polymers membranes have to face
environmental problems during the production and non-
biodegradable problems in the disposal stages of their life cycle.
Therefore, using renewable resources to fabricate membranes can
create a financial and environmental protection position of
competitive benefit. Cellulose acetate (CA), which is renewable,
cheap and remarkably biocompatible, ! have been used to fabricate
ultrafiltration membrane since the 1960s. Subsequently, intensive
researches have confirmed the reliability of CA ultrafiltration
membrane in micro-solutes purification.[) However, CA membranes
usually have lower porosity of sub-layer and dense top layer,
resulting in low water flux at separation, ! and the propensity of
proteins to foul the membrane restricts the application of
ultrafiltration membranes.™ Thus, the requirement of high water flux
and anti-protein-fouling membranes led to the necessity of modified
CA-based membranes.

This journal is © The Royal Society of Chemistry 2013

Some researchers had blended hydrophilic polymers with
ultrafiltration membranes to improve its performance. For instance,
Polyethylene glycol (PEG) was selected as a pore-forming additive
to prepare modified CA ultrafiltration membrane. During the
preparation of membrane, the membrane pore size, porosity, flux and
protein rejection could be changed because the membrane-forming
system was influenced in phase inversion. ') Besides, hydrophilic
PEG molecules could create “hydrated layer” around membrane
surface, thus modified membrane had beneficial impact in
antifouling property. " Some papers also reported that the
resistance of protein adsorption of membranes based on the “steric
repulsion” effect which was caused by entropic change in free
energy. ''! However, these additives are all miscible in water, which
may be leached out in coagulating solution (usually water). [
Recently, zwitterions polymers have gradually attracted researchers’
attention in constructing better performance membranes.['*!™
Membrane modified by zwitterionic polymers displayed non-fouling
ability due to the “hydrated layer”, which was fabricated by the
charge groups. /") Additionally, the “hydrated layer” created by
these chains was continuous and close and the result had been
revealed by molecular mimicry experiment. ['” Although antifouling
performance of zwitterionic polymers (most of them are long-chains)
was improved, the decrease of water flux of membrane which was
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attributed to blockage pore of membrane and it had been observed
by some researchers. ['®]

Therefore, it needs to find zwitterionic chains with appropriate
length to construct good antifouling property of CA membrane
without blocking pore of membrane. ['”! Natural amino acids can be
applied as grafting modifiers on membrane for its zwitterionic
structure and short chains. However, a major bottleneck of CA
membrane for modification is the lack of reactive functional groups
on the polysaccharides backbones.'” Blending CA membrane with
polymers containing functional groups can obtain advantageous
performance, such as higher flux and better selectivity. (2% 2!
Simultaneously, the functional groups can also be used as reactive
site for grafting zwitterionic chains to further improve the
antifouling ability of membrane. TEMPO-oxidized cellulose
nanofibers (TOCNS), possessing many desirable properties, such as
good biocompatibility, reinforcing capability, hydrophilicity, have
attracted attention in nanomaterials field. Significant amounts of
carboxylic groups were introduced into native cellulose, maintaining
their individual nanofibers morphologies ranged from 3 to 5 nm in
width and hundreds pm in length.?! A literature has reported that
the nano-polysaccharides acids could be further modified through
the coupling reaction between the carboxyls and a series of
amines.”” Therefore, grafting short chain amino acids on TOCNs
composite CA membrane can also be achieved in theory.

In this work, lysine could provide amino groups -NH, and -
COOH as zwitterionic short-chain and was selected as modifier.
TOCNs were blended with CA to fabricate high water flux of
composite membranes. Meanwhile, as reinforcing nanofibers,
TOCNSs also displayed favorable effects for modified membrane in
mechanical property due to its nano-structure with higher aspect
(length/width) ratios. Then short-chain amino acids were grafted
onto TOCNs composite membrane surface to further improve the
antifouling capability. From SEM observation, little or even no
influence on the morphology and pores structure of membrane was
found after grafting short chains. However, the antifouling property
of lysine grafted membranes increased without sacrificing water flux
and mechanical properties. The lysine modified membranes provided
the merits of renewability, biodegradability as well as enhanced
properties, behaving great potential for practical application of bio-
separation. Considering the current environmental and energy
problems, it is a feasible method to decrease the dependency on
petroleum based polymers membrane.

2. Experimental
2.1. Materials

Cellulose acetate (CA, Mw 40,000 Da, acetyl content 39.8 %) was
purchased from Huibao Chemical Co. (Beijing, China). N, N-
Dimethylformamide (DMF) was purchased from Beijing Chemical
Works. Lysine and serine were purchased from local chemical
reagent companies. Bovine serum albumin (BSA) was obtained from
Danielspulber biotechnology Co., Ltd. (Beijing, China).1-Ethyl-(3-
3-dimethylaminopropyl)-carbodiimide hydrochloride (EDAC) and
N-hydroxysuccinimide (NHS) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Beijing China) and used as received.

2.2. Preparation of TOCNs composite membrane

2| J. Name., 2012, 00, 1-3

TOCNSs aqueous suspension was prepared using the method
reported by others. *?* Then the TOCNs were dispersed in DMF
solvent by vacuum rotary evaporation and solvent exchange. TOCNs
composite ultrafiltration membrane was prepared via non-solvent
induced phase inversion process. A casting solution containing 15
wt.% CA and 0.75 wt.% (w/w) TOCNs of CA was dissolved in
DMF with stirring for 4 h. To obtain homogeneous solution, the
casting membrane solution was kept for at least 12 h to get rid of air
bubbles. Then, the casting solution was cast on a clean glass plates
with a steel knife (250 um) and the solvent in the cast membrane
was subsequently allowed to evaporate for 30 s. After casting, the
casting membrane was immersed in a water coagulation bath of
deionized water gently. To further reaction and characterization,
TOCNs composite membranes were cleaned by deionized water at
least 3 times to remove the remaining solvent DMF.

2.3. Reaction of amino acids and blend membrane

TOCNs composite membranes were rinsed in mixed solution
(pH 6.0) containing 100 mM EDAC and 50 mM NHS. The pH value
of activated solution was adjusted by HCI or NaOH (0.1 M). The
carboxyl groups existing in TOCNs were activated at mixing
solution for 2 h at room temperature following washed with
deionized water to remove unreacted impurities. Then that
membranes were immersed in 10mg/ml amino acids (serine and
lysine) which had been dissolved in deionized water in advance and,
then the pH of solution was adjusted to 8.0 following reacted at
room temperature for 12 h. Amino acids functionalized ¢ composite
membranes were prepared.

2.4. Membrane structure and properties characterization
2.4.1. Scanning electron microscope (SEM)

The cross-sectional structure of ultrafiltration membranes were
frozen in liquid nitrogen, broken, and sputtered with gold before
SEM (HITACH S-4800, Japan) analysis.

2.4.2. X-ray photoelectron spectroscopy (XPS)

Membrane surface chemical composition was analyzed by XPS
(Thermo Escalab 250XI) using Al Ka X-ray source (hv=1486.6 ¢V)
at a pass energy of 93.9 eV and charge Cls = 284.8 eV for carbon
pollution correction. Membrane surface facing the water bath was
conducted on the XPS analysis. Survey spectra were run in the
binding energy from 0 to 1200 eV, followed by high-resolution scan
of the Cls, N1s core-level region XPS spectra of the membranes.

2.4.3. Porosity and mean pore radius of membrane

The porosity (g) was calculated using the following equation:
[25-27]

e=n—nm,

-~ Alp. M

The weights of the wet membranes were first measured and
defined as m;, then the wet membranes were placed in a vacuum
drier at 60 °C for 48 h. The m, was the weight of the dry membrane;
Where A was the effective area of the membrane (m?); and 1 was the
membrane thickness (m); O ,, was the water density (g.cm‘3).

This journal is © The Royal Society of Chemistry 2012
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Then the Guerout—Elford—Ferry equation (Eq. (2)) was utilized
to calculate membrane mean pore radius (r,,), which was determined
by the pure water flux and porosity data: (25 2°]

- (2.7-1.75&)x8nlQ, ®
EX Ax AP

where n was the water viscosity at 25 °C (8.9 x 107 Pa s), Qt was
the volume of the permeate pure water per unit time(m’s '), and AP
was the operation pressure (0.1 MPa).

2.4.4. Ultrafiltration experiment

Ultrafiltration experiments were conducted under a stirred cell
ultrafiltration cup (Amicon 8200, Millipore Co., USA) with volume
of 200ml and effective area of 28.7 cm®. Membrane was compacted
with deionized water for 30min at 0.15 MPa. Then the pressure was
adjusted to 0.10 MPa and the water flux (J,;) were calculated by the
following equation: %

%

Jpy =—— 3
L Ax AL @
where V is the volume of permeated solution (L), A is the membrane
area (m?) and At is the permeation time (h). Then the 1.0 mg/mL
BSA solution was fed into the ultrafiltration cell then maintained at
the pressure of 0.1 Mpa for 1 h and the permeation was written as Jp.
The rejection (R) of BSA was calculated according to the equation:

B1]
C
= 1-—2|x100%
R, [ C]

! “)
where C, and C; (mg/mL™" ) refer to the concentration of BSA in
permeate and feed solutions, respectively. The concentration of BSA
was measured via a UV-vis spectrophotometer at wavelength of 278
nm.

2.4.5. Antifouling experiments of membrane filtration

The membrane fouling behavior was studied and description
was presented below. The membrane J,,; was measured at 0.1 MPa
as formulae 2. Then the membranes were washed with deionized
water for 30 min and the pure water flux of the cleaned membranes
(Jw») was measured at 0.1 MPa again. Flux recovery ratio (FRR) was
introduced for evaluating the antifouling ability of the membranes in
brief. The result was calculated using the following expression: *2

FRR =472 100% ®)

w1

Further, three ratios were defined to analyse the fouling process
of membranes in detail. Here, the degree of total flux loss caused by
total fouling is R, , which defined as the following equation:

Rt

This journal is © The Royal Society of Chemistry 2012

RSC Advances

ARTICLE

Specially, R, and R;; were introduced to distinguish reversible
and irreversible fouling, and the R, and R;, were defined by Egs. (7)
and (8), respectively.

JWZ_Jp 7

R==7

S (8)
R =1-Lmr
" JWI

2.4.6. Contact angle

The contact angle measurement was carried out with a contact
angle meter (JC 2000C1, Zhongyi Co., Beijing, China). The frozen
dried membrane was first tiled on the platform of contact angle
meter, and then 5 pl deionized water was dropped onto the
membrane surface. The contact angles were measured from random
locations of membrane at least three times and calculated with the
software provided by the manufacturer. All the measurements were
performed at room temperature.

2.4.7. Zeta electric potential (Zeta)

The membrane surface electro-kinetic characterization was
observed via tangential flow streaming potential measurement.
Modified membranes were immersed in a 0.001 mol/L KCl solution
(in the range of pH 4-9) at room temperature. The zeta potential {
was calculated by alternative method of determining the zeta
potential. 333

2.4.8. Mechanical characterization

After removing water, tensile strength and elongation at break
of prepared blend membrane were measured according to CMT4104
electronic universal testing machine with a crosshead speed of
Imm/min. The tested membranes were cut into standard shape with
2 cm effective length and 0.4 cm width stripes. The measurement
was performed at 25 °C and 37+2% relative humidity. Three
samples were evaluated and the average values were used.

3. Results and discussion

3.1. TOCNs and TOCNs composite membrane

Fig. 1 (a) TEM image of synthesized TOCNs and the inset picture
show the dispersion of TOCNs in deionized water; (b)TOCNs
composite CA membrane

J. Name., 2012, 00, 1-3 | 3



RSC Advances

ARTICLE

Fig. 1a presents the TEM of TOCNs dispersing in deionized
water. It could be found that mostly individual TOCNs of 3-4 nm in
width and a few microns in length, led to nanofibers with high aspect
(length/width) ratios of larger than 100. Some papers had reported
that the large amounts of selectively formed carboxyl groups present
in high densities on the TOCNs surfaces, resulting in the formation
of individualized and long nanofibers by electrostatic repulsion. >
As shown in the insert picture (Fig. 1a), TOCNs widths were smaller
than the wavelength of visible light (780~380nm), thus that
nanofibers dispersed in water to be almost transparent. Then TOCNs
were blended with CA casting solution to fabricate high water flux
membrane. From Fig. 1b, the composite membrane has apparent
feature, which are smooth and white surface in morphology,
indicating the long filamentous nanofibers could blend into CA film
cast solution and prepare membrane successfully.

3.2. SEM characterization Fig. 2 presents the images of the
cross-section and the layer of the membranes. It can easily find that
all membranes present typical asymmetric structures, consisting of a
skin layer and sub-layer with a finger-type structure. A dense spongy

structure (Fig. 2a) with a thick skin-layer is formed in CA membrane.

The addition of hydrophilic TOCNs apparently promotes the
formation of more porous and good interconnection of finger-type
structure in the support layer as depicted in Fig. 2e. In addition, a
thinner skin-layer (Fig. 2f) can be also observed in the nanofibers
composite membrane. The changes in membrane structure could be
interpreted by the membrane formation mechanism during phase
separation. [3%37)

100um X

Fig. 2 SEM images of CA membrane (simple named M1) and
TOCNs composite membrane (M2).The sub-layer, the cross-sections
and the skin layer of M1: (a), (b)and (c); the sub-layer, the cross-
sections and skin layer of M2: (d), (e) and (¥).

When the cast film solution is immersed into the deionized
water, the phase inversion process of preliminary membrane starts
because of the low miscibility between the polymer (CA) and the
non-solvent (water) in delayed demixing. Meanwhile, the mutual
diffusion between water inflow and solvent (DMF) outflow occurs
and generates new nucleuses of polymer phase in the casting
membrane. Subsequently, the higher concentration of polymer

4| J. Name., 2012, 00, 1-3
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concentrates on the top layer then the nucleation starts successively
in the inferior layer at short time intervals. During the transforming,
the free growth of limited nuclei (on the top layer) is prevented,
resulting in numbers of small nuclei is developed and then
distributes throughout the membrane. Consequently, the formation
of big pores is suppressed, and denser membranes (less porous
structure) are created. 1! However, contrary to slow demixing,
instantaneous demixing often happens and leads to the acceleration
of rate at the thermodynamic unstable system.

As hydrophilic nanofibers, TOCNs accelerate the process of
phase separation during membrane formation. Some TOCNs may be
leached out of the casting solution with DMF to water and then act
as a pore forming agent. Therefore, the membrane-forming system is
affected by TOCNSs, which increase the thermodynamic instability of
the cast film and then result in the formation of big size of pores and
more porous structure of M2 (Fig. 2d). Table 1 also presents the
porosity and average pore radius (r,,) of the membranes. As shown,
the porosity of M2 increases to 84.3%, which is higher than M1
(78.5 %) and the average pore radius of nanocomposite membranes
is also increased by incorporation of the TOCNS.

Fig. 3 The cross-sections of lysine modified TOCNs composite
membrane (M4): (a); the skin layer: (b) and supporting layer: (c).

F. Nadeége et al reported that the functional groups (-COOH) can be
further modified by a coupling reaction of the carboxyl with a series
of amines, ! so it was possible to graft some amines to TOCNs
composite membrane. After grating amino acids on TOCNs
composite membrane, as seen in Fig. 3, there were almost no
changes in membrane morphology and pores structure compared
with M2. Table 1 shows that the porosity and average pores radius of
all M2 and M4 are nearly similar. This phenomenon suggests that
although some short-chains probably have diffused into membrane
cross-section structure, pores inside would not be blocked by
grafting short-chains. Similarly, the profiles of porosity and average
pore radius for M3 were quite close to that of M2.

Table 1 porosity and average pore radius

This journal is © The Royal Society of Chemistry 2012
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Membrane Porosity (%) 1y, (nm)
M1 78.5 13.8
M2 84.3 41.5
M3 83.7 41.2
M4 84.1 41.5

M1- CA membrane

M2- TOCNs composite membrane

M3- Serine grafted composite membrane
M4- Lysine grafted composite membrane

3.3. XPS characterization

The chemical composition of modified membrane was
characterized by XPS analysis. As seen in Fig. 4a, two different
characteristic XPS signals for carbon and oxygen were observed at
XPS spectra for TOCNs composite membrane. However, after
amino acids grafting, one additional emission peak at about 400 eV,
which was attributed to Nls, could be observed for M3 and M4.
Obviously, amine group was the source of N element for modified
membranes. To better observe the surface chemical composition of
M4, high-resolution Nls core-level XPS spectrum of M4 analysis
was characterized. As shown, two different peaks standing for the
NH, or NH groups at energy site 399.9 eV and 401.8 eV can be
detected in Fig. 4b. Besides, the changes of Cls composition of

M2 and M4 were also detected on the high-resolution of Cls in Fig.
4c and Fig. 4d. Three peaks corresponding to binding energies of
284.48, 286.38 and 288.78 eV, which represent the signal of C-C
(containing C-H), C-O, and O-C=0O species respectively were
discovered in Fig. 4c for M2. However, a new signal peak of N-C=0
moieties appeared at 287.78 eV when lysine was grafted onto
membrane by amide reaction (Fig. 4d).

r
?L

V
94

M2

I

- L A A L 404 403 402 401 400 399 398
1000 800 600 400 200 0 Binding energy(eV)

Binging energy(eV)

C fisen Atomic(%) d
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Fig. 4 The XPS analysis of membrane samples: (a) the whole
spectra of M2, M3 and M4; (b) the high resolution scans for N1s of
M4; the high-resolution Cls of M2: (c¢) and M4: (d).

In addition, the surface Cls composition was calculated by the
quantitative data of XPS analysis. As shown in Fig. 4c, the peak
binding energies of 284.48, 286.38 and 288.78 eV had
corresponding atomic percentage 40.20%, 42.50% and 17.30%,
respectively. However, after lysine grafted on membrane, the
percentage of C-C (containing C-H) signal at binding energy of
284.48 ¢V increased from 40.20% to 62.06%. In contrast, the
percentage of C-O signal at 286.38 ¢V decreased from 42.50% to
25.81%, and the content of O-C=0 at 288.78 eV reduced from
17.30% to 11.25%. It may be attributed to the coverage of some
amount of lysine on the membrane surface, leading to the change of
surface chemical element composition. Although XPS analysis can
approximately reach the top 50A scale of the membrane surface, the
obtained data demonstrated that short amino acid chain appeared, at
least on the top layer of membrane.

3.4. Zeta-potential measurement

Zeta-potential measurement was introduced to characterize the
surface charge properties of membranes. As shown in Fig. 5, the
absolute values of zeta-potential increased with increasing pH, and
M2 showed higher values than M4 in the whole pH range of 4 to 9.
There exist many hydrophilic carboxyl groups in TOCNs composite
membrane surface which were facile to be ionized by surrounding
water, resulting in negative surface charge under measuring
conditions. Clearly, M4 had different absolute zeta-potential value
and trends by variation of pH solution, because of Lysine could offer
zwitterionic groups containing positive and negative charge after
amide reaction with composite membrane. Therefore, the absolute
zeta potential values for M4 became smaller than M2. However,
after lysine modification, M4 still possessed a net negative charge,
which would be some un-activated carboxyl near membrane surface
or un-reacted in the process of grafting. Considering the XPS
characterization of M4 in Fig. 4d, the properties of the modified
membrane surface had been changed. The profiles of zeta potential—
pH value curves for M3 were quite close to that of M4 and were not
shown here.

20
V-
30} O\\ —o—M2
—v—M4
40 k-
2
g sof v.
= e}
= -60 -
§ \\O\\'\
o x
2 70 = S
3 80t PR
\O
90 +
-100 I 1 ! 1 1 1
4 5 6 7 8 9

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Zeta potential of M2 and M4 measured with varying pH
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3.5. Contact angle

Surface hydrophilicity measurement was commonly used to
assess the changes in the hydrophilicity and interfacial energy of
substrate surfaces. *” As one of the most important factors in
determining antifouling property, surface hydrophilicity of the
membranes was evaluated in this study. Table 2 lists the contact
angle of all membranes. It was found that the contact angle
decreased significantly after the amino acids modification of
membrane compared to M1, which was attributed to the hydrophilic
nature of the zwitterionic structure groups. Some papers reported
that the decrease of contact angle was corresponded to the elevation
of the hydrophilicity, resulting from the enhanced water affinity on
the zwitterionic membrane surface. Thus, the close water layer

formation will contributes to membrane fouling-resistance. ['

3.6. Ultrafiltration characterization

The ultrafiltration experiment of M1 and M2 was conducted to
explore water flux and protein flow as the function of time. All of
the membranes were compacted with deionized water for 30 min at
0.15 MPa, followed by the .measurement of the flux (J,,;) at the
pressure of 0.10MPa. As shown in Fig. 6a, M1 had quite low
quantitative value whether in aspects of water flux or protein flow.
When TOCNs were introduced into membrane, the water flux of M2
increased from 11.8 /m’h to 123.4 I/m’h, over 10 times increment
compared with unmodified CA membrane. The variation of
membrane flux should be attributed to the more porous and good
interconnection of finger-type structure in the support layer as
depicted in Fig. 2e. In addition, a thinner skin-layer, shown in Fig. 2f
can also reduce resistance that water flow through the membrane
cross-section structure. Although the BSA rejection has slight
decrease, the modified membranes have solute rejection of more
than 80%, which is effective value for ultrafiltration membrane.

s BT l'\._
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100 | ‘I T e e unnn
= \ |
s 80 | ‘\
= | |
< |
X 60 \ ‘
= \ |
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Time (min)
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Fig. 6 Ultrafiltration experiments of M1, M2: (a); Ultrafiltration
experiments of M2, M3 and M4: (b).

Next, the protein fouling resistance of the prepared membranes
was studied. The flux of M2 and amino acids grafted membranes
(M3, M4) was plotted against time in Fig. 6b. Because EDAC, NHS
and amino acids are small molecular compounds, they could easily
diffuse into membrane pore, and the amino acids may graft onto pore
surface to some extent. The grafting of amino acids would possibly
make the pore size smaller than un-grafted membrane to some
extent. "1 However, the water flux (J,,;) of M3 and M4 had little
change compared with that of M2 (Fig. 5b), it may be ascribed to the
short-chains of serine and lysine. From Fig. 6, it can also be
observed that the flux of BSA solution (Jp) was lower than that of
pure water flux (J;) for all the tested membranes. The adsorption
and deposition of bio-macromolecules on the membrane surface
and/or pore walls result in a distinct decline in water flux with
operation time. %41

In other words, inevitable pollution by absorption onto surface
or blocking pore had occurred at the beginning and would
throughout the whole process of experiment. After protein filtration
operation, the membranes were rinsed with deionized water for
30min and water flux (J,,) was measured again. During filtration,
fouling behavior was simply studied by the water flux recovery rate
(FRR) and the results of M1, M2, M3 and M4 were 65.3%, 80%,
85% and 95.9%, respectively, shown in Fig.7. Clearly, M4 had a
better performance in FRR. Further, the considerable membrane
fouling could be divided into reversible fouling (Rr) and irreversible
fouling (Rir). After lysine modification, as shown in Fig. 5b the flux
still maintain a relatively high value and Fig. 7 shows quite higher
FRR (95.9%) and lower Rir (4.1%) of M4. Irreversible fouling,
which could not be removed by hydraulic cleaning, constituted the
primary challenge for membrane modification. As mentioned in Fig.
6b, the results of the Rir value decreased obviously without any
influence on pure water flux, which was resulted from the existence
of short zwitterionic chains, illustrating the work of antifouling
membrane was effective.

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 The evaluation of membranes antifouling of M1, M2, M3 and
M4

The suggested anti-fouling mechanism of M4 may be shown in
Fig. 8. It is clear that lysine (NH,-(CH,),-CH (NH,)-COOH) is a
basic amino acid which contains two amino groups and one
carboxylic group. After consuming one amino group in the grafting
procedure, lysine grafted on membrane surface could be regarded as
zwitterionic groups, which can created “hydrated layer” to resistant
protein fouling as displayed in Fig. 8. While M3 modified by serine
has less ratio of FRR, corresponding lower antifouling performance,
because of the membrane modified by serine (NH,-CH-(CH,OH)4-
COOH) left single charge -COOH after grating. Therefore, the FRR
of M3 are almost as same as those of M2 which was fabricated by
blending TOCNs into CA. Shi et al """ also chemically grafted
different kinds of amino acids (lysine, glycine, and serine) onto
hydrolysed polyacrylonitrile membrane and found that only lysine
modified membrane displayed superior protein anti-fouling ability.
Similarly, many researchers had intensively reported the “hydrated
layer” created by zwitterionic material and the “zero” fouling or non-
fouling mechanism.[***]

—>TOCNs composite membrane

Fig. 8 The mechanism of resistance to protein absorption of M4

Table2 Membrane performance

Membrane Contact angle (°) J,;° Jw2®  FRR (%) Rejection

%

(%0)
M1 67+£2.3 11.8+1.5 7.7£1.2 654 93.6
M2 55£1.5 123.4+3.1 98.7+£2.6 80.6 85.7
M3 54+2.0 120.2+£2.8 102.2+2.7 85.0 86.0
M4 50+2.3 123.0+3.0 118.0+£3.195.9 86.4

* The filtration operation was carried out in the pressure of 0.1
MPa and the testing unit all are I/m’h.

3.7. Mechanical properties

This journal is © The Royal Society of Chemistry 2012
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The mechanical properties of the membrane are another
consideration for the practical application. From Table 3, it can be
found that an overall improvement of both tensile strength and
elongation at break due to the introduction of TOCNs. The tensile
strength and elongation at break of M2 were increased by 23.9% and
40.4%, respectively. The above impact of TOCNs revealed that the
nanofibers have highly reinforcing capabilities, benefiting to the
membrane which is under the operation stresses. It is generally
accepted that the individual nanofibers have high aspect
(length/width) ratios of larger than 100 because of its small width
ranged from 3 to 4 nm and long length which is 100-1000 nm. *
These excellent characteristics of TOCNs can account for the
enhancing mechanical property of composite membrane. After lysine
modification, although small amount of decrement was observed in
M4, but strengths tensile performance still maintained relatively
stable level, indicating that short-chain grafted on membrane had no
negative influence on membrane mechanical aspect to some extent.
Obviously, the incorporation of TOCNs rendered the modified
membranes a promising practical application potential in separation,
which is advantage for membrane usually under the operation of
stress.

Table3 Membrane Mechanical properties

Membrane Tensile strength (MPa) Elongation at break (%)
Ml 3.92 7.06
M2 4.85 9.91
M4 4.78 9.70

4. Conclusion

Herein, a facile way to construct a friendly environment
membrane with excellent properties was proposed. Short-chain
amino acids, serine and lysine were grafted onto TEMPO-
oxidized cellulose nanofiber (TOCNs) composite membrane.
The morphologies, chemical compositions, zeta potential,
contact angle, ultrafiltration experiment and mechanical
properties were characterized. The result shows that physically
blended TOCNs with CA could improve flux performance of
membranes. And grafting short-chain amino acids onto TOCNs
composite membrane chemically could introduce antifouling
zwitterionic units on membrane neither changing the cross-
section morphologies nor blocking pores structure of
membrane. According to the ultrafiltration results, the lysine
modified membrane presented good performance both in water
flux and anti-fouling. Meanwhile, as reinforce nanofibers,
TOCNSs also have favorable impact for modified membrane in
mechanical property. Thus, we believe this modified
membrane, which is biocompatible and beneficial for
environmental protection, will have a great potential for
practical bioseparation in ultrafiltration membrane field.
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