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Abstract: Filtration characteristics according to membrane materials were studied in the ultrafiltration of anaerobic
digestion broth as a post treatment method. A series of resistances for different membranes were quantitatively assessed
on the basis of the resistance-in-series model. Flux behavior observed with the digestion broth was irrelevant to initial
water permeabilities of each membrane. The fluoro polymer membrane showed the most significant improvement of flux
with increase of cross-flow velocity, which suggests that the cake layer formed on this membrane is more weakly at-
tached to the membrane surface than those on the other membranes. Flux reduction during longtime running was attrib-
uted to the polarization layer resistance(R,) as well as the fouling layer resistance(R;). Continuous increase of R, may
reflect the variation in the characteristics of cake layers, which could result from size, shape, and structure changes due
to lysis and growth of biomass. Hydrophilic cellulosic membrane had a much lower fouling tendency than hydrophobic
polysulfone membrane. The depressurization method induced a small increase in flux of 5-10 L/m?/h. During washing
and cleaning, filtrability of each membrane was rapidly recovered within 15 minutes until a stationary value was

reached.
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1. Introduction

Anaerobic digestion has been recognized as an en-
ergy-saving process for the stabilization of high
strength organic wastes like alcohol-distillery was-
tes[1]. However, the major drawbacks of the anaer-
obic process are its low reaction rate and poor set-
tling ability, which reduce the treatment efficiency
and require a relatively long hydraulic retention
time(HRT). In order to surmount these obstacles
and upgrade the efficiency of anaerobic treatment,
the use of immobilized growth process or more effi-
cient solid separation technique is taken into ac-
count[ 2-57. Currently, advanced membrane separa-
tion technology is being applied as a post treatment
to anaerobic digestion of organic wastes[6, 7]. In-
corporation of the membrane process as a post
treatment to the biological wastewater treatment
process not only significantly prompts the enhance-
ment of performance such as COD removal, bio-
mass retention, and solid retention time(SRT), but
also reduces reactor volume and capital cost. In
fact, Dorr-Oliver has developed an activated sludge
process followed by a membrane filtration step in
the sewage treatment system. Membrane-enhanced
anaerobic digestion has also been attempted to give
rise to complete treatment[8-10].

In spite of its favorable prospects and signifi-
cance, the essential limitation in the extensive use
of membranes is attributed to fouling, which results
in the reduction of membrane permeability and is
thus gaining wide interest[ 11-13]. Several remedies
have been tried to prevent this phenomenon, such as
increasing shear stress, backflushing, and chemical
cleaning[ 14, 15]. The effects of membrane module,
pore size, multiphasic flow, and electrical potential
on flux improvement were also examined[16-18].
However, a great deal still remains to be done in
the development and optimization of the membrane
process. The selection of membranes and optimum
operating conditions becomes the key factor in pro-
moting economic gains in practical aspects. Hence,
for the purpose of determining appropriate mem-

branes and optimum operating conditions, it is nec-
essary that more attention be paid to the filtration
characteristics such as flux, membrane fouling, and
cleaning tendency.

In this study, cross-flow ultrafiltration with poly-
meric membranes was carried out as a post treat-
ment to anaerobic digestion and filtration character-
istics such as flux behavior, membrane fouling, and
cleaning tendency were quantitatively assessed ac-
cording to membrane materials.

2. Model description

The resistance-in-series model was applied to
evaluate the fouling tendency of each membrane
and the effectiveness of the cleaning procedure. Ac-
cording to this model, the filtration flux can be ex-
pressed by the following resistance equations:

Ju=P/ uRs (1)
J.=P/u (Ra+Ri+R,) (2)
Ju=P/ 1 (Ra+R0) (3)
Jue=P/ 1Roe (4)

where J,,; is the nitial water flux, J, is the filtration
flux in real operation, J,s is the final water flux
after washing the membrane surface with tap water,
and J,. is the final water flux after washing and
cleaning the membrane with chemical; R, is the in-
trinsic membrane resistance, R; is the fouling layer
resistance due to adsorption and plugging, R, is the
polarization layer resistance caused by the forma-
tion of boundary layer and the build-up of solutes
on the membrane surface, and R, is the hydraulic
membrane resistance obtained after the cleaning
procedure with chemicals. The value of each
resistance can be determined by the combination of
the above four equations.

3. Experimental materials and methods

A schematic diagram of the experimental setup is
shown in Figure 1. The system consisted of an an-
aerobic digester and an ultrafilration(UF) module.
Maintained at a thermophilic temperature of 53-55°C,
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Fig. 1. Schematic diagram of an anaerobic digester
coupled with an ultrafiltration system.

the anaerobic reactor was thoroughly mixed by me-
chanical stirring of 120 rpm. The UF module was a
plate and frame type(DDS Lab. 10) with four
plates in series, equipped with a positive displace-
ment pump for the feed supply. While the fluid ve-
locity through the channel was adjusted by the regu-
lation of gear speed revolved in the pump and
ranged from 0.808 m/s to 1.55 m/s, the transmem-
brane pressure was regulated using the back pres-
sure valve. The retentate from the UF loop and ex-
cess permeate were returned back to the reactor.

With a working volume of 4 L, the digester was
continuously operated at a hydraulic retention time
(HRT) of 15 days. The biomass concentration of
the anaerobic digestion broth was about 17,000 mg—
MLSS/L. The pretreated alcohol-distillery wastes
were used as anaerobic digestion feed whose com-
positon is as follows: COD, 22,600 mg/L; pH, 3.7;
suspended solids, 417 mg/L; and volatile fatty acid,
2,180 mg/L as acetic acid.

The total surface area of the membrane was
0.0336 m* Four kinds of polymeric membranes
were used during experimental runs and all the
membranes had asymmetric  structure and
hydrophilic surface characteristics except the GR

Fsheh, A3 A 4%, 1992

Table 1. The Important Properties of Ultrafiltration

Frame)

Membranes
Membranes . pH  Temperature Pressure
Material . .
(MWCO) Tolerance Limit(T) Limit(bar)
1PP
Fs6 Fluoro Polymer  1-12 0-65 0-15
(20,000)
R61PP
G Polysulfone  1-13 0-75 0-10
(20,000)
t 0-15
ETNA20A  Coated 1-12 0-60
(20,000) Cellulose
t
RC70PP Regenerated 1-10 0-60 0-10
(10,000)  Cellulose

61PP membrane which was hydrophobic[19]. The
properties of membranes are detailed in Table 1.

Pure water flux was initially measured using
ultrapure water for each membrane to evaluate the
intrinsic membrane resistance(R,,). The cross-flow
filtration of anaerobic digestion broth was conduct-
ed with four flat sheets of membranes. For each
membrane, the effects of transmembrane pressure,
fluid velocity, and operating time on flux were as-
sessed.

After each filtration experiment, the membrane
was washed with tap water and chemically cleaned
to remove the cake layer and fouling residuals. The
cleaning reagent was a commercial alkali detergent,
RO-DAN PLUS(NOVADAN KEMI A/S). The
operating conditions for washing and cleaning are
given in Table 2. After washing the membrane sur-
face with tap water, pure water flux was measured
again to evaluate the fouling layer resistance(R;).
During the fixed cleaning procedure, the cleaning
flux was recorded in order to chart the variation in
filtration resistance. When the cleaning procedure
was finished, pure water flux was also measured to
evaluate the cleaned membrane resistance(R,.).
The dynamic viscosity of each product was mea-
sured using a RV 20 Rotovisco(HAKKE, Germa-
ny). The values obtained were 0.475 centipoise for
the permeate of digestion broth at 53¢, and 0.893
centipoise for ultrapure water at 25¢C.
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Table 2. Operating Conditions for Washing and
Cleaning of Membranes

Trans- Time Temper-
Fluid Velocity membrane (min)  ature
W (m/s) Pressure (C)
(bar)
Water Tap 155 045 10

Washing  Water (single-pass) 20

Chemical  Alkal 30

Cleaning Detergent 1.55 0.50 (recycle) 40-60
(1%)

4. Results and discussion

To identify the inherent water permeability of UF
membranes, pure water flux was measured as a
function of transmembrane pressure. The results
are shown in Figure 2. Although the four mem-
branes have similar molecular weight cut-offs(10,
000-20,000), FS61PP and GR61PP membranes had
higher fluxes of more than 300 L/m’/h at 2 bar,
whereas modified cellulosic membranes obtained
lower fluxes of less than 100 L/m?/h. This may re-
flect the differences in surface porosity, thickness,
tortuosity, and pore size distribution of the mem-
branes. From the slope of flux versus transme-
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Fig. 2. Pure water flux as a function of transmem-
brane pressure: Operating temperature 25C.

mbrane pressure, intrinsic membrane resistance(R,,)
can be calculated for each UF membrane on the
basis of the resistance model and used as the criteri-
on for evaluating the degree of fouling or cleaness
of each membrane.

The effect of transmembrane pressure on flux
where anaerobic digestion broth was used as the
feed for the UF step is depicted in Figure 3.
Although limiting flux was reached around the
transmembrane pressure of 2-3 bar, the limiting
flux of FS61PP was almost double that of GR61PP.
(Discrepancy between the FS61PP membrane and
the GR61PP membrane should be pointed out in
particular, since these membranes had analogous in-
itial water permeabilities as shown in Figure 2.)
This result suggests that the GR61PP membrane
(polysulfone) has greater fouling tendency toward
the digestion broth than the FS61PP membrane
(fluoro polymer).

A series of resistances, fouling and cleaning ten-
dencies for various membranes, are summerized in
Table 3. Fouling level, relative fouling increment
(RFD), and cleaning efficiency are defined as Ri/Rn
+R;, Ry/R., and R,/R,., respectively. The
GR61PP membrane gave the highest fouling level
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Fig. 3. Effect of transmembrane pressure on filtra-
tion flux for UF membranes: Fluid velocity
1.38 m/s.
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Table 3. A Series of Resistances for UF Membranes(10%m™")

Membranes Ra R: R, R, Rae leji R % g—“':‘c

FS61PP 1.89 1.83 27.8 31.5 1.88 0.49 0.97 ~1.0
(6.0) (5.8) (88.2)

GRELPP 2.17 3.21 31.1 36.5 2.18 0.60 1.48 ~1.0
(5.9) (8.8) (85.3)

ETNAZ0A 4.30 1.66 272 33.2 4.05 0.28 0.39 ~1.0
(13.0) (5.0) (82.0)

RCT0PP 8.02 1.43 31.8 41.3 8.01 0.15 0.18 ~1.0
(19.4) (3.5) (77.1)

R,: total resistance
R.=R,+R+R,
( ): the percent of total resistance

while cellulosic membranes such as ETNA20A and
RC70PP exhibited relatively low fouling level.
These results must be associated with the chemical
composition of feed and properties of membrane
materials. Polysulfone membrane(GR61PP) which
is hydrophobic seems to have the stronger affinity
toward organic matters in the digestion broth such
as feed residuals, extracellular enzymes, lysates,
and intermediate metabolites. The cellulosic mem-
branes are, however, marginally hydrophilic and
thus have lower RFI values, which suggests that for
these membranes, the declining of flux is slower
than that of hydrophobic membranes. The cellulosic
membranes could be an attractive material for long
-term running in the UF step of the digestion broth.
The RC70PP membrane shows lower fouling ten-
dency than the ETNA20A membrane. This may be
explained by the fact that the RC70PP membrane is
less exposed to foulants in the feed stream due to
higher intrinsic membrane resistance, R,,. The clean-
ing efficiencies of alkali detergent were almost 100
percent for the four membranes used.

To verify the reduction of membrane permeability
due to the presence of the polarization layer, the ef-
fect of fluid velocity on flux was investigated(Fig-
ure 4). When cross-flow velocity through the chan-
nel increased from 0.808 m/s to 1.38 m/s under
constant transmembrane pressure, the fluoro poly-

T3 A 349 A 43, 1992

mer membrane(FS61PP) gave more pronounced
flux improvement than the other membranes. This
could be refered to the relatively weaker attach-
ment of the gel layer to the membrane surface and
the low intrinsic membrane resistance(R,) in the
case of the FS61PP membrane. Table 3 also illumi-
nates the removable large R, percent of total
resistance for the FS61PP membrane.

For the ETNA20A and RC70PP membranes, the
effect of the elevated velocity on flux was not so

45
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o ETNA20A
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30F A RC70PP
<
e 25F
S
o)
® 20}
[
15F
10
5 -
0 ! I !
0 0.5 1 1.5 2
Fluid velocity(m/s)
Fig. 4. Effect of fluid velocity on filtration flux for

UF membranes: Transmembrane pressure
1.5 bar.
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Fig. 5. Flux decline with operating time during ultrafilration of anaerobic digestion broth: Transmembrane pres-
sure 1.5 bar. (a) Fluid velocity 1.38 m/s; (b) Fluid velocity 1.04 m/s.

drastic as compared with the FS61PP membrane
because for these membranes, intrinsic membrane
resistances are greater than 13 percent of the total
resistance and are irrespective of the fluid velocity.
The fouling layer resistance for the GR61PP mem-
brane is about 9 percent of the total resistance. The
fouling component caused from some irreversible
adsorption can not be readily eliminated, which ex-
plains that the GR61PP membrane also shows little
improvement of flux with increased velocity.

Figure 5 shows how the flux declined with opera-
ting time for different membranes tested at fluid ve-
locity of 1.04 m/s and 1.38 m/s, respectively. All
membranes showed exponential decline of flux in
the early stage of ultrafiltration but then gradually
reduced to reach the constant level. It could be
hypothesized that the permeate flux in the early
stage depends mainly on the intrinsic membrane
resistance, but with continuous operation, both the
fouling layer and the polarization layer resistances
become more important in equalizing the fluxes for
different membranes. Table 3 indicates that this

hypothesis is reasonable because the values of R,
plus R; for all membranes are similar and much
greater than the R,. This phenomenon was ob-
served markedly at lower fluid velocity of 1.04 m/s,
since the applied pressure accelerated the accumula-
tion of gel layer on the membrane surface at the de-
creased velocity.

In order to elucidate the cause of flux decline
with operating time, four filtation resistances of the
FS61PP membrane were determined at the opera-
ting time of 3 hours and 20 hours, respectively
(Table 4). In general, R, increases rapidly at the
outset of ultrafilration of macromolecular solution
and is stabilized to the constant level within an
hour. In the ultrafiltration of anaerobic digestion
broth, however, R, as well as R; appear to increase
continuously. The longtime increase of R, reflects
the variation in size, shape, and structure of micro-
organisms at the polarization layer due to lysis and
growth of biomass.

As an attempt to improve the permeate flux, a
depressurization method was carried out. Depress-
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Table 4. Comparison of Filtration Resistances for 3
—and 20-hour Operations of the FS61PP
Membrane(Transmembrane Pressure 1.5
bar; Fluid Velocity 1.38 m/s)

Resistances Operating Time(hr)
(10%m™) 3 20
R. 1.9 1.9
R; 1.8 2.9
R, 27.8 43.1
R, 31.5 47.9

urization is applied as the back pressure valve of
the UF module is fully opened and the transmem-
brane pressure is almost zero. The result of dep-
ressurization of the GR61PP membrane is shown in
Figure 6. As the polarization layer resistance, R, is
a function of applied pressure. Depressurization re-
duced R, and brought a transient elevation in flux
of 10-15 L/m*/h. When fluid velocity just after the
depressurization was elevated, the flux decreased
more sluggishly, scouring the polarization layer
from the membrane surface.

The chemical cleaning of the membrane was car-
ried out to remove foulants and restore the initial

25
depressurization

depressurization é

20 $

L
N% 15
E
)
E 10
)
® 0.808m/s
5| s 1.04m/s
4 1.38m/s
e | 1 .| 1 1 il 1 1

0 20 40 60 80 100 120 140 160 180 200
Operation Time(hr)

Fig. 6. Effect of depressurization and fluid velocity
on filtration flux for the GR61PP mem-
brane: Depressurization from 0.7 bar to
about zero.
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¢ washing: chemical cleaning

. washing

Filtration Resistance(10%m™")

0 ' . :_ I 1 i ] 1 1 - A
0 5 10 15 20 25 30 35 40 45 50
Operation Time(min)
Fig. 7. Change of filtration resistance during wash-
ing and cleaning operations: FS61PP mem-
brane.

@

hydraulic permeability. Figure 7 shows the variation
in filtration resistance of the FS61PP membrane
with washing and cleaning operations. During these
procedures, filtration resistance decreased rapidly
within 15 mjnutes until a stationary value was
acquired near R,. This proves that foulants can be
easily removed from the membrane used in the UF
step of anaerobic digestion broth.

5. Conclusions

Filtration characteristics of anaerobic digestion
broth were studied using four types of membrane
materials and evaluated on the basis of the
resistance-in-series model. The following conclu-
sions were made:

1. The superior performance of fluoro polymer
membrane at high cross-flow velocities reflects the
easier detachment of the cake layer from the mem-
brane surface with low inherent membrane
resistance,

2. Longtime increase of polarization layer resi-
stance results from size, shape, and structure chang-
es in the constituents of the cake layer due to lysis
and growth of microbial cells.
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3. Cellulosic membranes have lower fouling ten-
dency, which is attributed to the hydrophilic proper-
ty of the membrane surface and less exposure to
foulants due to high membrane resistance.

4. Physical cleaning method as a depressuri-
zation was somewhat effective, instantaneously
eliminating the boundary layer and the cake layer.
Chemical cleaning of each UF membrane was quan-
tified through hydraulic analyses and the flux recov-
ery using chemicals was independent of membrane

materials.
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Nomenclature
U Dynamic viscosity(centipoise)
J, Filtration flux in real operation(L/m*/h)
Jue Final water flux after washing and cleaning

the membrane with chemicals(L/m?/h)
Jut Final water flux(L/m?/h)
Jui Initial water flux(L/m?/h)

P Transmembrane pressure(bar)
R, Fouling layer resistance(m™)
R, Intrinsic membrane resistance(m™')

Rie Hydraulic membrane resistance after the
cleaning procedure with chemicals(m™")
R, Polarization layer resistance(m™')
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