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Ultrafiltration membrane harvesting of Scenedesmus acuminatus was tested using alternative feed (AF) directions, i.e.,
bottom feed-top feed cycle and traditional bottom feed (BF). Both operations were investigated to compare the mem-
brane performance and membrane fouling in microalgal harvesting process by scanning electron microscope (SEM),
confocal laser scanning microscopy (CLSM) and Fourier transform infrared (FTIR). The results showed that when the AF
was used with and without backwashing, average flux increased by 27.9% and 17.9%, respectively, comparing with BF
(68 L m~2h~1) and the final dry weight reached 197 g L~ and 175.8 g L™, respectively. Microalgal cell deposition on AF
membrane was reduced from 1.44 x 10° cell cm ™2 on BF membrane to 7.12 x 10% cell cm~2 on AF membrane, according
to SEM observation. The protein and polysaccharides on the AF membrane surface were also reduced according to CLSM
and FTIR analysis. Fouling analysis along the fiber length revealed that fouling was most severe at the top section for BF
as a result of a lower shear rate at the outlet. AF operation generated dynamic filtration by frequently switching flow
directions, increasing the shear rate at both the top and bottom of the fibers, and therefore filtration and clean process

simultaneously provided good performance.
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Microalgal biotechnology has been recognized as a promising
solution for bioproducts, biofuel and bioremediation (1—4). How-
ever, microalgal biomass harvesting still remains one of the bot-
tlenecks for cell-water separation as the typical unicellular cells are
as small as 2—30 pm (5), with a density similar to water, and most
importantly, they are in a huge volume of water that must be
processed. As a nonchemical-based harvesting process, membrane
harvesting has been increasingly used in biomass recovering and
culture media recycling (6—10). During the microalgal harvesting
process, membrane fouling by microalgal cells and organic matter
in the media greatly reduces membrane flux and harvesting effi-
ciency (11).

Hollow fiber membranes are used to harvest microalga under
the cross-flow mode. Microalgal suspension is pumped into the
membrane fibers from the bottom and the retentate leaves the fiber
from the top, while permeate is driven through the membrane
pores into the fiber wall under the pressure difference. As the
filtration continues, microalgal cake layers pile up and become
thicker and thicker. At the same time pores are blocked or stained
by microalgal cells, cell debris and/or organic matter depending on
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the cellular mass size or properties (12,13). Meanwhile, the
microalgal biomass concentration becomes higher and higher, i.e.,
50—100 g L~! (14), which is typically 200 times higher than the
total suspended solid concentration in the municipal wastewater
treatment process, which is about 200 mg L~L The high solid
content, as well as the algogenic organic matter (AOM) loading is a
tremendous challenge for continuing the harvesting process (15).

Increasing cross-flow velocity generates higher shear forces
across the membrane surface and increases the average flux (16,17).
However, the energy consumption needed to maintain the high
cross-flow velocity is not affordable for microalgal harvesting.
Some researchers have presented dynamic filtration, which induces
constant changes in shear force or feed flow patterns, using
vibrating membranes (18—20) or dynamic disk filtration (21,22).
For example, dynamic ultrafiltration membranes with axial vibra-
tion are able to effectively mitigate membrane fouling during
filtration, and make it difficult to form a compact algae cake layer at
frequency of 10 Hz and amplitude of 1 cm (23). However, these
traditional dynamic filtrations not only increased the cost of the
device, but added the tremendous operational energy. Most
importantly, these methods are difficult to scale up.

Alternative feed (AF) is novel dynamic filtration with switching
feed flow direction across the membrane surface, and thus the feed
direction changed frequently. As a result both the top and bottom
positions of the fiber were flushed fully, and the higher flux was
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maintained. Due to these advantages, AF has been increasingly used
in reverse osmosis desalination process in order to prevent scale
crystal formation on the membrane surface (24,25), and mitigate
the membrane fouling and concentration polarization (26). How-
ever, there is limited study on the mechanism of membrane fouling
alleviation, as well as operation parameters optimization and
membrane fouling characterization.

Along the membrane length there is a rapid drop in pressure and
velocity, and thus flux also drops rapidly as cake layer piles up. The
problem is complicated by the fact that a low pressure at the outlet
reduces the efficiency of the outlet section of the membrane
module, on the other hand low velocity at the outlet induces
insufficient scour and fouling layer forming on the membrane
surface. In this study, microalgal harvesting with membranes
operating under AF was tested. The objectives of this study were: (i)
to test the hypothesis that membrane fouling varies along the fiber
length, and the fouling near the end of the bottom feed (BF)
operated membrane fibers is more severe as a result of the
decreased shearing rate, and (ii) dynamic filtration by alternating
feed direction alleviates microalgal fouling to achieve higher
membrane flux.

MATERIALS AND METHODS

Microalga cultivation and membrane unit operated using alternative feed
directions  The green microalga, Scenedesmus acuminatus (GT-2) are obtained
from Microalgae Biotechnology Center at State Development and Investment Co.
(SDIC), China, which is selected as a model strain because it is ubiquitous in the
water environment and is often selected for microalga-based wastewater treatment
and for production of biofuels (27—31). Fresh microalgal suspensions were cultured
in 15 L flat panel photobioreactors with a BG11 culture media. The pH of the culture
media was 7.1-8.5. The average temperature was 25°C, and the maximum solar
irradiation was 250 pmol m~2 s~ 1. The morphology of the S. acuminatus cells was
observed under light microscopy and the dry weight was measured daily.

PVC hollow fiber ultrafiltration membrane modules with a filtration area of
0.13 m? and molecular weight cut off (MWCO) of 50 kDa (Litree Co., Hainan, China)
were used for the microalgal harvesting. The membrane was hydrophilic with a
water contact angle of 67 + 2°. The modules were 0.25 m in length, and the inner
and outer diameters of the fiber were 1.0 mm and 1.66 mm, respectively.

The membrane harvesting experiments were carried out by a membrane unit
specially designed to be operated in the alternative feed directions. The operation
schematic diagram of AF filtration is shown in Fig. 1. Unlike the traditional BF flow
operation in which the feed was pumped into the membrane module through the
bottom, in the AF operation, the module was bottom feed first then switched to top
feed after a certain interval. The alternation of feed direction continued until the
harvesting was finished. The permeate weight was recorded every second by a
balance and transmitted into a computer for flux calculation.

Harvesting of S. acuminatus using ultrafiltration operated in alternative
feed directions Before the experiment, flux was tested at different trans-
membrane pressures (TMPs) using deionized water. During the membrane
harvesting process, TMP was maintained at 34.5 kPa by a regulatory valve in the
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FIG. 1. Schematic diagram of membrane harvesting unit which can be operated in both
alternative feed (AF) directions, and traditional bottom feed (BF) direction.
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filtration system. After a certain interval, an air assisted backwashing method was
adopted to recover the membrane flux (14).

Firstly, influence of backwashing intervals on the flux of BF operation were
compared at different intervals of 10, 15, 30 and 60 min.

Backwashing interval is defined as the length of one filtration period between
subsequent backwashing (32). Then, the different frequencies of feed flow alterna-
tion (1.5, 3, 5, 7.5 and 15 min) were evaluated for AF, and the average flux was
compared with BF filtration at the optimized backwashing interval. The influence of
different cross-flow velocities on the performance of AF was further evaluated at
cross-flow velocities of 0.1, 0.2 and 0.3 m s~ by adjusting the control valve and the
out valve. The average flux and instantaneous flux were compared to get the optimal
velocity.

After each harvesting, the membrane was physically cleaned with deionized
water, followed by a chemical cleaning with 400 ppm NaClO for two hours trans-
membrane circulation. Flux recovery after physical cleaning and chemical cleaning
were calculated.

The optimized parameters of AF were applied for the harvesting of 20 L
S. acuminatus suspension at an initial dry weight of 2.0 g L. The frequency of flow
direction was switched every 3 min. The membranes were backwashed every 15 min
for flux recovery. AF with flow direction switches every 3 min without backwashing
was also evaluated. The results of AF operations were then compared with the
traditional bottom feed flow which received backwashing every 15 min. The flux
throughout the harvesting process was recorded, and the flux declining rate (D(n))
and flux recovery (R(n)) were calculated using Eqgs. 1 and 2, respectively (14,33).

D(n) = Jo—Jias a
Jo
_Jivaa
R(n) = To (2)

where Jo (Lm~2 h™1) is water flux, J;;5 (Lm 2 h~) is instantaneous flux at 15 min for
cycle n and Jiy11 (L m~2 h™1) is instantaneous flux at 1 min of cycle i+1 (Fig. S3).
The average flux (J, L m~2 h™') was calculated using Eq. 3:
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where i is the number of filtration cycle, j is the filtration time in each cycle, which is
set from 1st min, 2nd min and 3rd min to 15th min, J;; (L m~2 h1) is the instan-
taneous flux at j min of filtration cycle i, and t is the integration interval to calculate
the average flux, which is set as 1 min in this study.
After each harvesting, the volumetric reduction factor (VRF) and concentration
factor (CF) were calculated to evaluate the harvesting efficiency using the following
equations:

Y%
VRF = v (4)
C
_Y
CF = G (5)

where Vj is initial volume (L), V¢ is final volume (L), s is final algal concentration
(gL, and Gy is initial algal concentration (g L ").

The backwashing reversible resistance (R;) and backwashing irreversible resis-
tance (Rj;) were calculated to evaluate the performance of fouling alleviation, using
fouling in series analysis reported by Zhang et al. (34) and Zhang et al. (35):

AP
m = (6)
AP
R="7 (7)
AP
Re = 5] 8)
Riy = R—Rr —Rm (9)

where Ry, is membrane resistance (m~!), AP is trans-membrane pressure (Pa), u is
viscosity of permeate (Pa s), Jo is water flux (L m2h 1), Ris total resistance (m™ '), Jis
permeate flux (L m 2h '), R, is reversible resistance (m 1), AJ is the difference in fluxes
before and after backwashing (L m~2 h~!) and R;; is irreversible resistance (m ).

The unit energy consumption of BF and AF operation was calculated. The power
of pump (Pp, kW) is calculated using the Eq. 10 available in the Engineering Tool Box
(https://[www.engineeringtoolbox.com/pumps-power-d_505.html):

_ qpgh
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where q is flow rate (m> h™'), p (kg m3) is density of microalgal suspension,
g (m s~2) is gravity, h (m) is differential head and 7 is the efficiency of the pump.
The power of air compressor (P,, kW) consumed during the backwashing pro-
cess of BF is calculated using Eq. 11 available in the Engineering Tool Box (https://
www.engineeringtoolbox.com/horsepower-compressed-air-d_1363.html):

63NVaP; k[(gf) W _1 }
Pa = 33000(k — 1) an
where N is number of compression stages, k is adiabatic expansion coefficient, Py
(psi) is absolute initial atmospheric pressure, P, (psi) is absolute final atmospheric
pressure, V, (m> h™!) is volume of air at atmospheric pressure.
The unit energy consumption per m> (E) is calculated by Eq. 12:

Pt
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(12)
where P (kW) is energy consumption for pump or air compressor, t (h) is running
time, and V; (m~3) is the volume of harvested microalga.

Membrane fouling characterization  The Hitachi S4800 cold cathode field-
emission scanning electron microscope (FE-SEM from Hatchi America, Ltd.,
Tarrytown, NY, USA) was used to obtain the morphological information of the
microalgal cells deposited on the inner surface of the membrane operated in the
AF and BF mode with backwashing. Fouled membrane fibers in wet mode were
broken with liquid nitrogen to obtain membrane fragments. Membrane samples
were positioned on a metal holder, then sputter coated with gold under vacuum
for 3 min. The scanning was performed at an accelerating voltage of 10 kV. Then
the number of S. acuminatus cells on the SEM images were counted using Image ]
software method described in the literature (36,37). At least 20 images were
analyzed to obtain the numbers of cells attached on the fouled membrane. The
number of S. acuminatus cells on the SEM pictures as well as the membrane area
were quantified using Image J. The numbers of cells per unit membrane filtration
area is calculated using the following equation:

N;
—

. (13)

where n is cell number per area (number cm~2), N; is the total cell number on the
picture and s is the area of the membrane (cm?).

The Leica TCS SP8 laser confocal microscope (Leica Microsystems, Wetzlar,
Germany) was used to characterize protein and polysaccharide fouling on the fouled
membrane under the AF and BF operation with backwashing. Several membrane
fragments were immersed in 0.1 M 1 mL NaHCOs5 buffer solution in EP tubes for
30 min to keep the amine group in non-protonated form. Then 10 pL fluorescein
isothiocyanate (FITC) solution (10 g L) was added into the EP tubes and incubated
for 2 h in the dark. The membrane fragments were washed twice by phosphate
buffered saline (PBS) to remove excess stain. The next step was to add 10 pL cal-
cofluor white solution to the EP tubes, incubating for 30 min in the dark. Finally, the
membrane fragments were washed twice again by PBS before laser confocal mi-
croscope observation.

An attenuated total reflectance-Fourier transform infrared (ATR-FTIR, Spectrum
One, PerkinElmer, Waltham, MA, USA) was used to identify the functional group of
foulants on the membrane’s inner surface. Dry membranes under the AF and BF
operation with backwashing were attached onto microscope slides and analyzed at
2 cm~ ! intervals, and the spectrum was recorded at 4000-400 cm™ .

Fouling analysis along the fiber length  Membrane fouling differs along the
membrane length (38). For research the mechanism of AF fouling membrane fouling
level along the fiber length was tested. Membrane fouling along the fiber was
analyzed by testing pure water flux of fibers taken from the membrane housing.
After harvesting 20 L of microalgal suspension using the BF and AF methods, the
membrane module was analyzed by an autopsy to determine the effects of
different feed operations on the fouling along the fiber length. This consisted of
removing the fibers from the membrane housing first. Every fiber was cut into
three sections (i.e., the top, middle and bottom sections). These sections were
then assembled into single fiber membrane modules, and three modules were
assembled for each section. Pure water fluxes were tested for each module at a
constant TMP of 6.8 kPa and cross velocity of 0.1 m s~ using the KR2i tangential
flow filtration system (Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA).
The flux of the single membrane module and membrane module of 0.13 m? were
uniform (data not shown). The average flux of the top, middle and bottom section
of three single fibers modules was tested.

RESULTS AND DISCUSSION

Selection of optimal harvesting parameters Backwashing
interval is the most important parameter, affecting the flux recov-
ery both for AF and BF. Different backwashing intervals were first
optimized for BF operation shown in Fig. 2A, varying from 10, 15,
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30—60 min. It can be seen that flux declined as the filtration
continued. The flux recovered more or less after each
backwashing. As the backwashing interval decreased from 60 to
30 min, the average flux increased from 59.9 to 762 L m—2 h™},
representing an approximate 27.2% increase. As the backwashing
time interval reduced from 30 to 15 min, the average flux further
increased from 762 to 843 L m 2 h~! increasing 10.5%.
Meanwhile, the backwashing time interval further reduced from
15 min to 10 min, and flux reached a plateau of 84.6 L m™2 h™1.
The results indicate that the 15 min backwashing interval was the
optimal value for the average flux, as more frequent backwashing
did not result in a much higher flux increase, but it will increase
operational cost and shorten membrane lifetime dramatically.

As shown in Fig. 2B, the flux declining over time during the
harvesting of S. acuminatus at different alternative time of AF
operation (1.5, 3, 7.5 and 15 min) with backwashing every 15 min,
which was the optimized backwashing time interval for BF during
testing. For comparison, the flux declining during BF operation was
also tested with backwashing intervals of 15 min. The average flux
of BF with 15 min backwashing interval was 96.3 L m~2 h™!, and it
decreased to 82.8 L m~2 h~! when AF was used with the alternative
time of 15 min, which may be caused by the increasing of the flux
reduction during top feed. The CFD simulation confirmed that there
is flow turbulence in the top when the module is feed from the top
(Fig. S4).
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FIG. 2. (A) Flux declining over time at different backwash interval under bottom feed
(BF) operation; (B) flux changes over time at different frequencies of feed direction
alternation; (C) flux changes over time at different cross-flow velocity. The top feed
period during the alternative feed (AF) operation was marked with gray boxes.
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When alternative time reduced from 15 to 7.5 and then to 3 min,
although the top feed still resulted in a lower flux than the bottom
feed, the more frequent switching of flow direction helped to
maintain a higher flux, and the average flux increased from
82.8 L m2 h '-102.7 L m~2 h™! and then to 1054 L m2 h~%,
Further shortening alternative time from 3 min to 1.5 min only
increased the flux to 106.7 L m~2 h~ L. Thus a 3 min alternative time
was selected as the optimized value.

The flux change over time of different cross-flow velocities is
shown in Fig. 2C. The cross-flow velocities range from 0.1 to
0.3 m s~! at a TMP of 34.5 kPa. When cross-flow velocities
increased from 0.1 m s~! to 0.2 m s~! the average flux increased
from46.1 Lm 2 h~'-57.8 Lm 2 h~ ! increasing 25.2%, but the cross-
flow velocities increase from 0.2 m s~ ! t0 0.3 m s~ !, and the average
flux has no increase.

The flux of 0.1 m s~' was always lower than flux of 0.3 and
0.2 m s~ for both bottom feed and top feed. The flux of 0.3 m s~!
was almost the same as that of 0.2 m s~! during the bottom feed,
while it was much lower during the top feed, which may be due to
the poor distribution. So the average flux of 0.3 m s~ remains lower
than the flux of 0.2 m s~ Lobo et al. (39) used tubular ceramic
membranes and filtrated vegetable oil with anionic and non-ionic
emulsifiers. They found that when cross-flow velocities increased
and the pumping costs increased but the permeate flux did not
improve significantly. So 0.2 m s~! was chosen as the optimizing
cross-flow velocity.

Harvesting of S. acuminatus using ultrafiltration operated in
alternative feed directions After the optimization of alternative
frequency and cross-flow velocity, AF operation was tested for the
bench scale harvesting of 20 L S. acuminatus with flow direction
switching every 3 min, and the cross-flow velocity was kept
0.2 m s~ ! both with backwashing intervals of 15 min and without
backwashing. In comparison, the changes in flux of the BF
operation with backwashing interval of 15 min were also
presented. Changes in flux under three different operation modes
are shown in Fig. 3A.

For BF, flux dropped in the first filtration cycle from
1746 Lm 2 h '=714 L m~2 h~\. Then 86.7% flux was recovered,
reaching 151.0 L m2 h™! after backwashing and then dropped
again to 67.1 Lm~2 h~ L. The flux declining-recovery-declining cycle
was repeated continually until the harvesting process was finished.
The average flux was only 68 L m2 h™! due to the rapid drop
during each filtration cycle.

Alternative flow without backwashing is the mode that the
bottom feed and top feed processes were used as an alternative
every 3 min and there was no backwashing during the whole
harvesting process. As can be seen in Fig. 3A, top feed stopped the
declining of the flux, while the subsequent bottom feed increased
the flux significantly. The average flux of AF without backwashing
was 80.0 L m~2 h™!, which increased 17.9%, compared with BE. Unit
energy consumption of AF operation is 0.13 kWh m~> and BF
operation with backwashing is 0.24 kWh m~> for one harvesting
process. The results suggested that energy consumption of AF
operation without backwashing is 45.8% lower than BF operation
with backwashing (Tables S2 and S3).

During the harvesting of S. acuminatus using AF directions with
backwashing, the bottom feed and top feed was alternatively used
every 3 min, and every 15 min the module was backwashed. After
the backwashing the AF operation re-stated with the bottom feed
first. After the first 15 min filtration cycle, the flux started to drop
from 185.9 L m~2 h~1—117.3 L m 2 h~'. Then backwashing recov-
ered the flux to as high as 157.6 L m~2 h~ L. Simultaneously, because
of backwashing, for every backwashing 50 mL of permeate used for
rinsing the membrane pore came back to the feed tank for repeat
filtration. Therefore, although backwashing was shown to improve
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FIG. 3. (A) Changes in permeate flux during bench scale harvesting of S. acuminatus
using bottom feed (BF) with backwashing, alternative feed (AF) without backwashing
and with backwashing (backwashing events are labeled with arrows); (B) Changes in
irreversible and reversible resistances during the harvesting process of BF and AF
membrane both with backwashing.

flux recovery, more volume of feed needs to be handled, which is
drawback of the applying of the backwashing. Nonetheless, the
highest average flux of 87.0 L m~2 h~! was achieved, which was
represented a 27.9% increase above the average flux obtained in BF.

Filtration resistance analysis is often used for manifestation
membrane fouling, which causes flux to decline and also affects
flux recovery (40). Calculated flux decline rate and recovery proved
that the decline rate of BF is higher than AF and the flux recovery of
BF is lower than AF. The results of the reversible and irreversible
resistance caused by backwashing during each BF and AF with
backwashing filtration cycle are presented in Fig. 3B.

As the concentration preceding the reversible and irreversible
resistances increase, the total resistance (total height of the
column) and reversible resistance of BF was higher than that of
AF throughout the harvesting, indicating that membranes in the
BF mode fouled more severely than membrane in the AF mode.
The irreversible resistance was not consistent with either the
total resistance or reversible resistance, especially in the latter
period.

In the AF mode the alternation of feed direction provided
enough shear force to scour the foulants off the membrane surface,
resulting in a cleaner membrane surface. So microalgal cake
forming on the membrane is quite thin, and a lower reversible
resistance is evident, but there is also an increased risk of contact
between the algae-associated algogenic organic matter (AOM) and
causing irreversible fouling (41). However, the portion of irrevers-
ible resistance is not a dominant concern since it is much less than
the problems caused by reversible resistance. In the latter period,
the microalga is so deeply condensed that the increased resistance
is clearly visible, but it does not exceed the final two cycles of BF.

The VRF and CF of membrane harvesting using BF, AF without
backwashing, and AF with backwashing were calculated and the
results are shown in Table 1. The final dry weight after membrane
harvesting by BF was 162.5 g L™, and the volume was reduced
about to 0.11 L. The values of CF and VRF after membrane harvesting
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TABLE 1. Comparison of concentration factor between BF and AF.

Flow direction BF AF AF
(without backwashing) (with backwashing)
Condensed dry weight 162.5 175.8 197
(gL
VRF 190 200 250
CF 147.7 159.8 1791
Average flux L m2h™') 68 80 87
Condensed time (min) 132 108 103.5

by BF were 147.7 and 190, respectively. When AF was used without
backwashing, the final dry weight increased to 175.8 g L™, and the
CF and VRF reached 159.8 and 200, respectively, suggesting the AF
was very efficient in microalgal harvesting in terms of both volume
reduction and dry weight concentration. The backwashing process
enhanced the performance even more. When AF operation was
used, and the membrane was backwashed every 15 min, the final
concentration reached 197 g L™, and the CF and VRF reached 179.1
and 250, respectively.

Monte et al. (42) harvested of Dunaliella salina by ultrafiltration
allowed reaching a final concentration factor of 5.9, with an average
permeate flux of 31 L m~2 h™l. Zhang et al. (14) harvested
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Scenedesmus quadricauda, and the final dry weight reached a high
value of 150.0 g L~1; however, it takes 6 h to finish the bench scale
harvesting of 20 L of microalgal suspension, and the average flux
was 35.0 L m—2 h~L. In this study, the AF increased the efficiency
dramatically, and the final dry weight was 197 g L~ with an
average flux of 87 L m~2 h™!, representing 200% increase due to the
efficient fouling control of AF.

Characterization of membrane fouling SEM images of
fouled membranes under AF and BF operation are investigated
(Fig. S1). The number of microalga on the AF membrane was almost
half of those on the BF membrane, which was found 7.12 x 10% cell
cm~? and 144 x 10° cell cm™2 for AF and BF, respectively.
Furthermore, most of the cells are aggregated on the BF
membrane, but all the microalga were single cells on the AF
membrane, indicating that the fouling of the AF membrane
surface by microalgal cells was well controlled, resulting a higher
average flux.

Confocal laser scanning microscopy (CLSM) analysis was con-
ducted to observe the morphology of organic fouling on the
membrane operated in the AF and BF modes, and the results are
shown in Fig. 4. The green dots in the images indicate the presence
of protein, and the blue light points indicate the presence of poly-
saccharide (43). The wide range of blue and green fluorescence in

FIG. 4. CLSM images of alternative feed (AF) and bottom feed (BF) operated fouled membranes. AF operated membranes are shown in the left column as (A) polysaccharide, (B)
protein, and (C) polysaccharide-protein fluorescence. BF operated membranes are shown in the right column as (D) polysaccharide, (E) protein, and (F) polysaccharide-protein

fluorescence. Scale bar: 200 um.
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TABLE 2. Flux distribution along the top, middle and bottom segments of membrane
fibers used in AF operation, top and bottom feed.

Operation Top (Lm2h~') Middle(Lm2h~') Bottom(Lm2h")
BF (bottom feed) 24 11.5 111
Top feed 9.3 5.6 5.1
AF 9.8 12.0 8.1

the background is the residual dye on the membrane. Comparing
the images, both the proteins and polysaccharides on the AF
membrane surface were much fewer than those on the BF mem-
brane, indicating that the amount of organic fouling of the AF
membranes was greatly reduced. These results agree with the FTIR
results. To explore the organic fouling on the membrane surface,
FTIR was applied to scan the surface of BF, AF, and the virgin
membrane (Fig. S2). Comparing foulants on both the AF and BF
membranes, we found a large number of proteins on both two
types of membranes (44). However, no carbohydrates were found
on the AF membrane, so proteins rather than carbohydrates were
determined to be the major contributor to fouling. Wu et al. (45)
also found that membrane fouling was more likely to be caused
by proteins rather than carbohydrates.

In the AF operation, the feed flow direction alternated every
3 min, which not only maintained the higher shear rates on the top
or bottom parts of the fibers alternatively, but generated the dy-
namic shear across the membrane surface due to the frequent
switching of flow direction. The dynamic shearing force across the
membrane surface not only removed microalgal cell deposition, but
also cleaned the organic foulants represented by proteins and
polysaccharide from the membrane surface. This can help maintain
the high flux during the harvesting of S. acuminatus.

Fouling analysis along the fiber length To understand why
AF can help maintain high flux, the pure water flux of single fiber
membranes in the top, middle and bottom positions of AF mem-
brane were tested. As a comparison, pure water flux of fibers at the
top, middle and bottom position were also tested under bottom
feed and top feed conditions. The pure water flux is presented in
Table 2. As shown in this table the flux is much lower than those in
the former figures because this flux was tested at a cross-flow
velocity of 0.1 m s—! and a TMP of 6.8 kPa.

As shown in Table 2 for BF, the flux of the bottom segment was
11.1 Lm 2 h~, with a resistance of 2.1 x 10! m~! (Table S1) and the
flux of the top position was only 2.4 L m~2 h~! with a resistance of
9.7 x 102 m~!, indicating the fouling on the top segment was much
more severe. When membranes were used with top feed, the
bottom flux was only 5.1 L m~2 h™! and the top position flux was
93 L m 2 h!, and their resistance were 4.6 x 10> m,
2.5 x 10'? m~!, respectively, indicating that the bottom segment
fouling was much more severe. However, when membranes were
used in AF, the middle position flux was the highest with a value of
12.1 Lm~2 h~!, with lowest resistance of 1.9 x 10"> m~', and the flux
differences between top-middle and bottom-middle segments
were much less than those of top feed and bottom feed, suggesting
that fouling along the fibers was well alleviated through AF
operation.

In the BF filtration, the cross velocity in the feed position was the
largest and as the height increased, the cross velocity gradually
decreased. The velocity of the feed was calculated at 0.22 m s~! in
the bottom but was reduced into 0.18 m s~ ' at the top outlet,
assuming the velocity is in linear decline based on the vertical
position. The lower the cross velocity the weaker the scour is. So the
foulants accumulated on the top position of the membrane resulted
in a low flux (46,47). In AF, the feed direction changed frequently, so
both the top and bottom positions of the fiber were flushed fully,
and the higher flux was maintained.

J. Biosct. Bioenc.,
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