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e A commercial PES membrane was coated with

electrospun PVDF nanofiber layers.

The composite membrane had higher pure water

fluxes than the base PES membrane.

The composite membrane fouled more readily due

to foulant entrapment.

Increased electrospinning time increased the surface

hydrophobicity.

« The new membrane’s nanofiber mat did not impact
the separation of protein solutes.

I Abstract

Electrospinning of nanofibrous mats to create new membranes has been widely investigated, however surface modification of commercial membranes by electrospinning of nanofiber
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layer has received limited attention. In this work, the surface of a commercial polyethersulfone (PES) ultrafiltration membrane was coated with electrospun polyvinylidene fluoride
(PVDF) hydrophobic nanofibers (NFs) for different time periods, i.e., 25 min, 125 min, and 250 min., and the effect of coating on the filtration performance was investigated. The
membranes were characterized by scanning electron microscopy (SEM), contact angle measurement and further subjected to pure water permeation experiments, as well as the
filtration of Ottawa River Water (ORW) and various protein solutes. By a thorough statistical analysis, it was concluded that the coating with the electrospun nanofiber layer enhanced
the pure water permeation (PWP) flux. However, the fouling of the composite nanofiber/PES membranes was more severe due to the compaction of the soft nanofiber layer and the

entrapment of foulants in the spaces between nanofibers. The nanofiber mat did not impact the separation of protein solutes as the composite and base PES membranes had the same
protein removals.

© 2020 MPRL. All rights reserved.
1. Introduction

The technique to fabricate nanofibrous mats by electro-spinning has been e.g. [3-6]. As well, many papers are now available for the pressure driven
known for many years. But the application of the electrospun nanofiber mats, membrane separation processes such as nanofiltration (NF) [7], ultrafiltration
also known as electro-spun nanofiber membranes (ENMs), has been limited (UF) [8], microfiltration (MF) [9,10] by ENMs, and an equally large number
to particles removal from air, a process that has already been commercialized of papers have been published for the other membrane separation processes
(e.g. Donaldson (USA)) [1]. Despite its short history, in contrast to air cleaning, such as pervaporation (PV) [11], membrane distillation (MD) [12], forward
some companies have emerged recently for the application of ENMs for liquid osmosis (FO) [13] and membrane adsorption (MA) [14]. The reason that
separation (e.g. Pardem (Czech Republic), SPUR Nanotechnologies (Czech ENMs have become one of the most popular research topics is their unique
Republic), Liquidity Corporation (USA)) [2]. Moreover, a large number features such as facile fabrication, interconnectivity and large volume/
of researches on this subject are reported in the open literature every year, area ratio. Among various methods for the fabrication of ENMs based
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membranes, multilayered composite membranes (with one or two ENMs
layers) are the most commonly used for the filtration of aqueous solutions
[15]. However, surface modification of commercial membranes by
electrospinning of nanofiber layer has rarely been done.

Recently, Dobosz et al. [16] fabricated multilayered composite
membranes by electrospinning cellulose or polysulfone layers on top of
commercial ultrafiltration membranes and found that the pure water
permeation flux was increased when polysulfone ENM layer was coated on
the substrate UF membrane while preserving the selectivity of the UF
membrane almost intact. Interestingly, the flux enhancement occurred when
the coating layer consisted of relatively hydrophobic PES nanofibers, but did
not occur when coating layer consisted of the more hydrophilic cellulose
nanofibers [16]. They have speculated that the enhanced pure water fluxes in
their experiments were due to the randomly oriented nanofibers with zigzag
configurations (with different distances from the substrate membrane
surface). This was based on the beneficial impact of zig-zag spacers identified
by Ma and Song [17] and Won et al. [18] in their simulations modeling
concentration polarization. Since Dobosz et al. [16] pertain to pure water
fluxes in which there is no concentration polarization their hypothesized
mechanism for the enhanced flux seems questionable.

Furthermore, Wang et al. reported the directional water transport induced
by asymmetric wettability across fabrics [19]. They have prepared polyester
fabric with two surfaces, one hydrophobic and the other hydrophilic. When
the pressure necessary to allow water to break through the fabric was
measured, 1.77 kPa was required to transfer water from the hydrophilic to the
hydrophobic side, whereas only 0.19 kPa was required for water transfer in
the opposite direction. They ascribed this phenomenon to the draw of water
from the hydrophobic to the hydrophilic pores or the evaporation of water on
the hydrophobic pore surface and condensation in the hydrophilic pore. But
the exact mechanism of water transport through the fabric of wettability
gradient is still unknown.

A composite membrane comprised of a hydrophobic nanofiber layer
coated on top of a hydrophilic substrate layer seems a typical example of the
membranes with wettability gradient. Commercial PES membranes deform
with time as evident from long term tests, such as those performed by Dang et
al. [20]. It can also be hypothesized that a modified PES membrane created by
placing an electrospun layer on a commercial PES membrane will be stronger
so that its pores deform less than those of the commercial PES membrane
and/or the larger pores of the hydrophobic electrospun layer will channel the
flow, resulting in less friction and higher fluxes in electrospun membranes
[21].

This work reports on a study on the performance of ENM membranes
prepared by coating a polyethersulfone commercial membrane with
electrospun nanofibers of a more hydrophobic polymer.  The manuscript
presents the results of the lead author’s thesis [21] which was initiated well
before the publication of Dobosz et al. [16]. Given the findings of Dobosz et
al. [16] the objectives of this manuscript are to confirm the pure water
permeation flux enhancement after the coating of hydrophobic ENMs on a
commercial ultrafiltration membrane and to further investigate the fouling of
this type of membrane using Ottawa River (OR) water and various protein
solutions. PVVDF was chosen for the material of ENMs since PVDF is known
to be more hydrophobic than PES.

2. Materials and Methods
2.1. Materials

The polyethersulfone (PES) membrane with a nominal molecular cut off
(MWCO) of 30 kD was procured from Synder Filtration (Vacaville, CA).
Polyvinylidene fluoride (PVDF, Kynar 740, Arkema Inc., Philadelphia, PA)
was used to prepare electrospun nanofibers. Acetone and dimethylacetamide
(DMAC) were purchased from Sigma-Aldrich (St. Louis, MO).

Trypsin (MW=23.8 kDa), pepsin (MW=35 kDa), egg albumin (MW=45
kDa with a purity of 62-88 %) and bovine serum albumin (BSA, MW = 66
kDa and a purity of 96%) were also purchased from Sigma-Aldrich (St.
Louis, MO). Raw Ottawa River water (ORW) sample was collected from the
intake of the Britannia Water Treatment Plant in Ottawa, Ontario during the
winter of 2015. This river has few particles (i.e., low turbidity), low inorganic
content (i.e., low hardness and alkalinity) and significant natural organic
matter (NOM), thus the principal foulant in this water is expected to be the
NOM [22,23].

2.2. Membrane electrospinning

The surface of the PES membrane was coated with PVDF nanofibers
following the method described by Efome et al. [24]. The spinning dope (15

wt% PVDF, 34 wt% DMAC, and 51 wt% acetone) was prepared by adding
the polymer to the solvent and by vigorously stirring (180 rpm) of the mixture
for 24 h in an orbital shaker at 50°C. After cooling, the spinning dope was
transferred to the syringe within the electrospinning equipment which was
supplied by Beijing Ucalery Technology and Development Co., LTD, China.
Within this apparatus, a sheet of the commercial PES membrane was wrapped
around a drum that rotated at 140 rpm, and the tip of the dope syringe was
located at 150 mm from the drum. Electrodes were connected to the drum and
the tip of the syringe to create a circuit, and the applied voltage of 15 kV
caused a nanofiber of the dope to be drawn from the syringe tip to the drum.
Electrospinning was conducted for three different periods: 25, 125, and 250
minutes. The commercial PES UF membrane is coded as PES. Electrospun
membranes are coded as EPES-X, where X is the electrospinning period (min).

2.3. Membrane characterization

The commercial PES membrane and the nanofiber coated membranes
were characterized by scanning electron microscopy (SEM) and contact angle
measurements.

2.3.1. Scanning electron microscope (SEM)

A scanning electron microscope, model Vegall XMU (Tescan,
Warrendale, PA, USA) was used to investigate the surface and cross-sectional
morphology of the membranes before and after filtration experiments with
ORW (The membranes were dried for two days after the ORW filtration.).
For the cross-sectional images, the membrane was soaked in liquid nitrogen
and the frozen membrane was cut into pieces with sharp scissors. In order to
increase electron conductivity, the samples were gold-sputtered to a thickness
of 10 nm in a coater (Quorum Q 150T, Britain).

2.3.2. Contact angle measurements

A computer-controlled digital camera based system (VCA Optima
Surface Analysis system, AST Products Inc., Billerica, MA) was used to
measure the advancing contact angle. The membranes were cut into small
pieces (10x15 mm) and placed on micro slides (25%75x1 mm) prior to being
placed in the analyzer. The volume of the water droplet used for each
measurement was 1.5 pL [25]. For each sample, the contact angle was
measured twice on each of 20 locations and the average was reported.

2.3.3. Membrane filtration tests

The filtration test was conducted with three conventional cross-flow
cells, each with an effective membrane area of 2.04 x 10° m?, connected in
series. For a detailed description of the membrane cells and the filtration
system refer to Mosqueda-Jimenez et al. [26] and Zoka [21]. The feed flow
was maintained at 1.1 L/min to minimize the concentration polarization
effect.

The membrane filtration testing procedure consisted of the following
phases: pre-compaction under pure water at 70 psig, pure water permeation
test at 50 psig, fouling test (filtration of either ORW or protein solutions) at
50 psig, and tangential flow cleaning test. Each phase lasted 4 h. Each
membrane type was tested in triplicate (one coupon in each of the three cross-
flow cells), the values presented in the results sections are the average of the
three sets of results.

During the pure water permeation, the permeate volume, V (L), collected
during the period t (h) was measured and the pure water permeation flux,
PWP (Lm2 h) was calculated by

PWP = V/(At) (€]

where A is the effective membrane area (2.04 x 10 m?).

In the filtration test with the feed ORW or protein solutions, the permeate
samples were collected every hour to determine the permeate flux. The
permeate flux, J (Lm?h), was calculated by equation (1) using J instead of
PWP. In case of the filtration of the protein solution, the concentration of
protein in the permeate samples was measured using a UV spectrophotometer
(DR 6000, Hach Instruments, Loveland, CO). The solute separation, R, was
then calculated by:

R =1-(Cy/Cy) @

where C, and C; are permeate and feed protein concentrations, respectively.
The concentrations of the various protein solutions tested were approximately
100 mg L.

In the tangential cleaning test, the membrane was cleaned by the



L. Zoka et al. / Journal of Membrane Science and Research 6 (2020) 351-358 353

tangential flow of distilled water. During the period of 4 h, the permeate flux
was determined every hour.

2.3.4. Statistical analysis

The PWP fluxes of the EPES and control PES membranes were
compared using the t-tests assuming a constant variance, they were performed
with the help of Microsoft Excel®. The + cited with the data presented refers
to one standard deviation.

3. Results and discussion
3.1. Pure water permeation

Table 1 shows the results of the PWP experiments. An explanation of the
grouping of experimental results in series is in order. There is a considerable
variation in the PES membrane flux from membrane sheet to membrane sheet
and from coupon to coupon, taken from the same sheet, even though the
membrane was purchased from a membrane manufacturer. Usually, the
variation from coupon to coupon (from the same sheet) is less than the
variation from sheet to sheet. Therefore, in each series of the experiments
shown in Table 1, the membrane coupons were taken from the same sheet and
electro-spinning was applied on those coupons to investigate the effect of
electro-spinning. Thus, the flux variation between different membrane sheets
could be eliminated from the effect of electrospinning on the PWP. For
instance, in the series 1 experiments, the control PES membrane coupons and
the coupons on which 250 min of electro-spinning was applied (EPES-250)
were from the same sheet.

Table 1
Results of PWP experiments 2

Series Membrane Average PWP (Lm?h?)
PES 66.6
! EPES-250 189.6
2 PES 98.6
PES 123.6
EPES-25 141.1
: EPES-125 140.0
EPES-250 156.1
PES 127.0
EPES-25 173.9
! EPES-125 113.6
EPES-250 241.8

@ By using series 1 membranes, the lead author found the PWP increase. Those
membranes were further used for ORW filtration experiments. Series 3 and 4 membranes
were used to know the effect of electrospinning period more thoroughly. These spinning
periods were chosen to make the nanofiber thickness comparable to but lower than the
thickness of the pristine UF membrane. As well, the lowest thickness was chosen so that
it was enough to detect the effect of coating on PWP.

In each series of Table 1, PWPs from the EPES membranes are larger
than that of the control PES membrane with only one exception of Series 4
EPES-125 which was confirmed by repeated experiments. It may therefore
reasonably be concluded that the electro-spinning of PVDF nanofiber layer on
the control PES increased the PWP. To confirm the conclusion, the statistical
t-test was performed. For this purpose, the data in Table 1 were grouped into
variable 1, which includes all the PES data, and variable 2, which includes all
the EPES data. A t-test was performed assuming equal variances with the
null hypothesis that these two groups of data (variables 1 and 2) are from the
same sample body. The justification for the assumption of equal variances is
that all data were collected with the same PWP experimental protocol.
Microsoft Excel® was used to facilitate the statistical data analysis. With a
degree of freedom of 9 (= 11 data points — 2 groups), the t statistic was
calculated as -2.59464, which was less than the negative t critical for one-tail
(-1.833113) and two-tails (-2.262157). Therefore, the null hypothesis was

rejected with 95% confidence based on both one- and two-tails. This confirms
that the PWP data for EPES membrane came from a different sample body
(with larger flux value) than those of PES.

Figure 1 shows the change of PWP with time for the PES and EPES-250
membranes in Series 1. While the PWP of the PES membrane remained
constant during the 4 h test, EPES-250 membrane exhibited a slight flux
decline, suggesting that the PVDF electro-spun layer on the EPES-250
membrane was more severely compacted than the support PES membrane.
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Fig. 1. Change of PWP during the PWP experiments with time for series 1 membranes.

3.2. Filtration of Ottawa River Water (ORW)

The PWP test (using distilled water as feed) with the series 1 membranes
was followed by the filtration test with ORW as feed, these tests were
performed with coupons of the EPES-250 and control PES membranes.
Figure 2 shows that the initial permeate flux of EPES-250 membrane for
ORW (140 LmhY) was much lower than the PWP (average PWP = 189.62
Lm2h™ as seen in Figure 1) and it kept decreasing with time. In contrast, the
permeate flux of PES was only slightly lower than the PWP (66.6 Lm?h?)
and it was stable. Nevertheless, the permeate flux of EPES-250 was
significantly higher than PES during the 4 h filtration period.
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Fig. 2. The permeate flux data of ORW.

The ORW fouling data shown in Figures 1 and 2, together with the post-
fouling PWP data (i.e., the distilled water tangential cleaning step), were
further analyzed by flux decrease due to compaction, Comp, total, Rtal
irreversible, Riy, and irreversible, Ry, fouling [27]. Those parameters are
defined by,

Compac= (Jwp — IJwi) / (Jwo) 3)
Riotal = (-]Wl - Jp) / Jw, (4)
Rin= (\]Wl - -]Wz) / Jw, (5)
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Rrev= (JWZ - Jp) /JWI (6)

where Jw, is the first pure water flux (Lm2h™); Jw, is the last PWP measured
before the fouling experiment (Lmh%); Jw, is the last PWP of post fouling
pure water experiment (Lm2h%); Jp is the last flux (Lm?h?) of the fouling
test; Compac: fraction of reduction caused by compaction, i.e., flux reduction
normalized by Jwo; Riea is the total flux reduction due to fouling (i.e., both
irreversible and reversible fouling) normalized by Jwy; Ry is the irreversible
fouling flux reduction due to irreversible fouling normalized by Jwi; Ryey is
the reversible fouling flux reduction normalized by Jw;.

The results are summarized in Table 2. From this table, it is evident that
for the PES membrane the flux reduction, due to both by compaction and
fouling, was not severe. Negative value of Ry, means Jw2 was slightly lower
than Jp. Flux reductions of EPES-250 were severer than PES both by
compaction and fouling. The compaction is likely due to the softness of the
nanofiber layer, as weak mechanical strength of electrospun nanofiber
membranes is well documented [28]. Flux reduction in the ORW filtration is
possibly due to severe concentration polarization caused by the stagnant
ORW in the nanofiber layer. Some of the foulants filled up the spaces
between nanofibers, causing severe irreversible fouling. Note that it is
irreversible based on a tangential cleaning step, in which the flow is unlikely
to penetrate the nanofiber layer and remove the accumulated foulants. It
should be noted that Ry, is based on the flux achieved after the tangential
wash, which is not as intensive a cleaning procedure as backwashing or
chemical cleaning.

3.3. Filtration of protein solutions

The fouling test was conducted for 4 hr with BSA solution for all the
series 4 PES and EPES membranes and the results are shown in Table 3.
Compared with the PWP data shown in Table 1, the fluxes for the BSA feed
solution are much lower. Moreover, the EPES membranes were fouled to a
much greater extent than the PES membrane. Nevertheless, the fluxes of
EPES membranes were higher than that of the PES membrane. Due to the
high speed of fouling, one could hypothesize that fouling is caused by both
concentration polarization and sorption of the proteins onto and into the
electro-spun PVDF layer, which has hydrophobic characteristics. However, if
the fouling is associated with the penetration of the foulant within the PVDF
nanofiber layer, one would expect that the degree of flux reduction would be
proportional to the PVDF nanofiber layer thickness. There was a slight trend
of greater flux reduction for greater electrospinning time, however the BSA
solution fluxes of all the electrospun membranes was higher than that of the
PES membranes. In Table 3, the flux of the PES is lower than the EPESs
membranes, without exception. The difference was very small between
EPES- 250 and EPES- 125.

Table 4 shows the results of the filtration tests for different proteins using
Series 4 PES and EPES-250 membranes. The table shows the fluxes of the
EPES-250 membrane are higher than those for the PES membrane, for each
of the protein solutions tested. As well, the flux decreases progressively from
Trypsin to BSA, as the molecular weight of protein increases. This
phenomenon is due to fouling by the solute protein, and the severer pore
blocking by the larger proteins.

surfaces look clean. PES membrane is relatively smooth, while EPES-250’s
surface is covered by electro-spun nanofibers with a small number of beads.
By applying ImageJ analysis for the picture given in Figure 3c, the average
pore size of the ENM was evaluated to be 0.75 pm. Figure 3b,d are surface
images of the PES and EPES-250, respectively, after ORW filtration.
Interestingly, on the surface of the PES there appears to be a wavy pattern,
which could possibly be created by the stream lines of the feed ORW. The
EPES-250 surface is uniformly covered by foulants without showing any
patterns, and the foulant seems to partially fill the voids in between the
nanofibers. A higher magnification (Figure 4) image of the surface was taken
to provide a clearer image; this allowed the measurement of the sizes of the
foulant spheres. As shown in the figure, the diameters of large spheres were
slightly less than 1 um.

Figure 5 shows the cross-sectional images of PES and EPES before and
after the ORW filtration test. Figure 5a shows the asymmetric structure of
PES with a skin layer at the top surface and Figure 5c shows the electro-spun
nanofiber layer coated on top of PES. Figure 5b shows the cross-section of
the PES membrane after ORW filtration, in which there is a foulant layer on
top and the support layer with a finger-like structure on the bottom. Figure 5d
shows a higher magnification image of the nanofiber part of the fouled EPES-
250 membrane, which shows some foulant particles trapped between fibers of
the electro-spun nanofiber layer.

Figure 6 shows a typical example for the thickness measurement of the
electro-spun nanofiber layer within virgin membranes. Based on the images
of 5 to 7 different spots, the thickness of the nanofiber layer ranged 8 to 16,
19 to 56 and 89 to 93 um, respectively, for the EPES-25, -125 and -250
membranes.

Increasing layer thickness with electrospinning time is illustrated in
Figure 7. This graph shows almost a linear trend of increase for EPES-25 to
EPES-250. However, the thickness was not uniform and varied along the
cross sections of membrane. The upper portion in each column indicates the
range of thickness in each EPES membrane.

Table 2
Normalised flux decrease of Series 1 PES and EPES-250 by ORW due to compaction
and fouling.

Parameter PES EPES-250

Compac 0 0.094

Riotal 0.09 0.43

Rirr 0.11 0.32

Rrev -0.02 0.12
Table 3

Permeate flux of series 4 membranes when the feed is BSA solution.

3.4. Scanning electron microscopic (SEM) image analysis Membrane PES EPES-250 EPES- 125 EPES- 25
Figure 3 shows the SEM images of PES and PES-250 surfaces before and ﬁ‘l\s;ragir?;::,'f;g 84.3+35%° 915+557  98.9+4.4 102.2+2.8
after filtration experiments with ORW. Figure 3a,c are the surface images of
PES and EPES-250, respectively, before the ORW filtration test. Both 2Standard deviation
Table 4
Permeate Flux of Series 4 PES and EPES-250 for various feed protein solutions.
Protein Trypsin (MW 2300) Pepsin (MW 34500) Egg albumin (MW 42700) BSA (MW 67000)
Membrane PES EPES-250 PES EPES-250 PES EPES-250 PES EPES-250
Average (Lm2h?) 92.2+1.7% 127.1+14.8 82.4 £1.96 108.5 + 3.96 78.4+1.70 93.5+4.08 84.3+35 91.5 +5.57

2Standard deviation
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Del: SE WD: 6.864 mm 100 pm 7 SEM MAG: 400 x SEM HV: 20.00 kV L.+ 1441 1] VEGANTESCAN
View field: 375.0 ym  Date(m/dAy): 03/11/16 B Det: SE WD: 8511 mm 100 pm 7
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View field: 300.0 ym  Date(m/dA): 04/15/16 n

Fig. 3. SEM surface images of a) PES before b) PES after the filtration of ORW ¢) EPES-250 before and d) EPES-250 after filtration of ORW.

SEM MAG: 8.00 kx SEM HV: 20.00 kV e VEGAW TESCAN
Det: SE WD: 8.679 mm 5 um 7
View field: 18.75 ym Date(m/dfy): 02/29/16 n

Fig. 4. SEM image (with 8K magnification) of the surface of the PES membrane with measurement of foulant particle sizes.
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View field: 500.0 ym Date(m/dly): 04/15/16 n

Fig. 5. Cross-sectional images of a) PES membrane before filtration; b) PES membrane after filtration of ORW,; c) EPES-250 membrane
before filtration; and d) EPES-250 membrane after filtration of ORW.
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Fig. 7. Thickness of electrospun layer versus electrospinning time.

Fig. 6. Cross-sectional images of the virgin EPS-25 membrane with 16 pm
thick nanofiber layer.
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3.5. Contact angle measurements

Results of the contact angle measurement are summarized in Table 5.
Table 5 shows that the contact angle increases progressively from PES to
EPES-125 as the electro-spinning period increases and then levels off.

3.6. Pore size of the composite membrane

According to the method proposed by Kanagaraj et al. [27], the radius of
the membrane pore is given by:

Pore radius = 100x(r/R) (7

where r is the Stokes radius (nm) of the solute and R is the percentage of
solute rejection. As seen in Table 6, using this simple equation and the
trypsin, egg albumin and BSA removal data, the membrane’s pore radii are
estimated as 1.38, 3.34 and 3.59 nm, respectively. The pore size obtained by
this method depends on the solute but they are in the range of ultrafiltration
membranes and much less than the pore size of the ENM (0.75 pum).

As well, the molecular weight cut off reported by the manufacturer was 3
kD. The solute removals by the EPES-250 membrane and the PES membrane
are very similar. Thus, it can be reasonably concluded that the solute
rejection took place at the substrate PES membrane not at the nanofiber layer.

4. Conclusions

From the experimental results the following conclusions can be drawn.
When the commercial PES membrane was coated with a PVDF electrospun
nanofiber layer, the coated layer thickness was proportional to the
electrospinning period. In pure water permeation (PWP) experiments, the
PVDF nanofiber/PES composite membranes exhibited higher PWP fluxes
than the substrate PES membrane, which confirms the results of Dobosz et al
[16]. The reason for the flux enhancement is not yet fully understood. By the
filtration study with Ottawa River Water (ORW), it was found that the
composite membranes are more susceptible to compaction than the substrate
PES membrane due to the weak mechanical strength of the nanofiber layer.
As well, cleaning by tangential flow showed that the fouling of substrate PES
membrane is reversible while the fouling of the composite membrane is
irreversible. The foulants likely filled in the spaces between the nanofibers.
From the filtration experiments with the solutions of different proteins, it was
concluded that the separation took place not by the nanofiber layer but by the
substrate membrane.

Table 5
Summary of contact angle measurements.

PES EPES-25 EPES- 125 EPES- 250

62.7+0.57% 85.0+0.74 109.2+1.34 109.9 +£1.09

2Standard deviation

Table 6
Molecular weight, diffusivity and radius of protein.

Protein Trypsin Pepsin Egg Albumin BSA
M (Dalton) 2300 34500 42700 67000
D (m?s?) x 10° 2.122 0.8614 0.8023 0.6905
r (nm) 1.156 2.848 3.057 3.552
R (%) by EPES-250 82 - 92 99

R (%) by PES 85 98 9
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