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1. Executive Summary

A novd membrane process which employs rapid backpulang to reduce fouling was investigated
for the trestment or prefrestment of waler dreams containing particulates, microorganiams, and/or
ol droplets. Vaious micrdfiltration membranes and operating conditions were tested for use with
yeed suspensons bacterid suspensons oilly wadtewaers and bentonite suspensons, fouled
membranes and flux-dedine data were andyzed to identify fouling mechaniams and the rgoid
backpulang process was fird modded, then implemented, and then andyzed economicdly. In the
absence of backpulang, in dl cases fouling causad severe flux dedineg generdly to levds bdow
100 L/m*h (2.8x 10~ m/s)’ The microbid and particulate suspensions produced only externd
membrane fouling, wherees the ally wasde waer fouled fird the intend and then the externd
ceramic membranes Rgpid backpulsing resulted in nearly a 10fdld improvement in flux to 680
L/m™h (1.9x 10~* m/s) for yeast suspensions & the optimal beckpulsing frequency, in good agreement
with predictions of the theory. For bacterid sugpendons varying the backpulse duraion and
frequency resuited in more than a 1 O-fold improvement in the net flux, to a vaue of 140 L/m*h
(3.8x107° m/s). Repid backpulsng of bentonite suspensions and oily wastewater hes yidded net
fluxes as high a5 2220 L/m?>h (6.4x 10~ m/s) and 1260 L/m*h (3.5x10™* mV/s), repectively, a0
representing  gpproximatdy  lofold improvements over the vaues recorded in the absence of
beckpulsng. An economic andyss shows that membrane filtration with backpulang is expected
to yidd water pretrestment cods goproximady one-hdf of those obtained with conventiond
flocculationffiltration.

2. Background and Introduction

This project focused on membrane process deveopment for the treetment of waler dreams
containing particulates, microorganisams, andlor dispersed all. For fresh waters, these contaminants
must be removed prior to rdease of the water to the environment or prior to use of the trested water
in domedic and agriculturd gpplications For sAt waters, these contaminants must be removed as
a pretrestment tep prior to membrane desdting.

Billions of gdlons of wastewaters containing oils and paticulates are produced esch year by
metdlurgicd plants ships petroeum and ges opeaions indudrid washing operations, and other
processes (Wahl et d., 1979). Traditiond technologies, such as gravity separaors, ar or ges
flotation, chemica flooculetion, plate coalescers, and hydrocyclones, are generaly able to produce
effluents containing as little as 30 ppm digpersed ail and paticulaes (Vandermeulen and Hrudey,
1987; Powdl, 1992). However, thee treatment technologies peaform poorly on chemicdly
dabilized sugpensons and emulsons, very smal partides and droplets (G-10 pm in diameter), and
soluble components Moreover, effluents with less then 10 ppm impurities are desired, because of
the potentid toxic effects of the contaminants and their tendency to foul reverse-oamos's membranes
and downdream processng eguipment.

Micrdfiltration and ultrfiltration membranes are dile to remove paticulaes microorganiams
and ails from water, if the membrane materid and pore Szes are chosen gopropriatdy.  However,
they are subject to fouling, which often reduces the pamedte flux (volume of water passng through

! Note that | L/m>h = 0589 gal/fi*-day = 2.8x107 m/s. .

!



the membrane per surface area per time) bdow acogpteble levels The completed sudy investigaed
the use of rgoid backpulsng for contralling membrrane fouling and improving the permeete flux; this

process has previoudy shown promise in biotechnology applications (Rodgers and Sparks, 1992;

Wenten, 1995; Redkar and Davis, 1995). In rgpid backpulsng, the transmembrane pressure is
reversed for a few tenths of a second once every few seconds. This results in a hydraulic deaning
of the membrane by forcing permeate back through the membrane in the reverse direction.  The
process is amilar to the common indudtrid process of backflushing, except thet it occurs on a much
more rapid time scde. As aresult, foulants are removed by backpulsng shortly efter they are
deposted, and in some cases fouling may be entirdy prevented by backpulsing.

3. Conclusons and Recommendations

The use of rgpid backpulsng has proved to be extremdy successful for the water Sreams
investigated. Net fluxes achieved with backpulsng under optimum conditions ae as high as
1000-2000 L/m? (2.8-5.6 x 10™* m/s), wheress those without backpulsing are an order of magnitude
lower. Shorter backpulse durations generdly improve the paformance, dnce these minimize the
loss of permegte during reverse filtration. Typica duraions of backpulses are 0.1-05 s For each
sugpenson and eech backpulse duration, there is an optimum backpulse frequency. Higher
beckpulse frequendes lead to too much negative permeste flow during backpulang, wheress lower
beckpulse frequendes lead to too much fouling and flux dedine during forward filtration. Typica
optimum forward filtration times between backpulses are 1-10 s and the optimum time increases
with decreesng fesd concentration.

An economic andyss shows that crossflov micrdfiltration in the aosence of backpulsing is not
competitive for weter pretreatment, except for rdativdy smal gpplications In contrast, crossflow
micrdfiltration with beckpulsng is economicaly competitive, coging gpproximatdy one-hdf of the
cog for convertiond pretrestment.

Commerdd devdopment of membrane filtration with rgoid beackpulsng mekes sense
economicdly for water trestment and pretrestment. However, further fundamenta study is needed
to more fully identify optimum operating conditions and maximum net fluxes for modd sugpensons
and dreams representaive of practica goplicaions A particular chalenge will be the trestment of
streams containing adhesive foulants, for which modifications of membrane surfece chemidry may
be required in combinaion with rapid backpulang.

4. Work Accomplished

A modified work schedule is given in Table 1. This schedule was updated from that origindly
proposd in order to indude bentonite sugpensons. With one exception, dl of the liged tasks have
been subgantidly completed. Task 4 was not undertaken, due to the recommendation by the Bureau
of Redamation to add dudies of bentonite sugpensons and to deemphesize dudies of aily
wasewaers



Table 1. Modified Schedule of Work

Oct.—Dec. 1995: Testing of Membranes and Operating Conditions

1
2
3.
4.
5
6
7

Identify best membranes for oily wastewater

Identify best membranes for bacterial suspensions

Test different ol compositions and rejection of soluble contaminants
Test effects of pH, salt, and emulsifiers

Identify best operating conditions for oily wastewater

Identify best operating conditions for bacterial suspensions

. Submit First Quarterly Report

Jan.-Mar. 1996: Fundamental Analysis of Membrane Fouling

8.
9.

10.
11.
12
13.
14

Fit resistance curves to internal and external fouling models
Evaluate scanning electron micrographs of fouled membranes
Measure mass of foulant deposit for various conditions
Test cleaning methods for foulant removal and flux recovery
. Identify key fouling mechanisms
Determine if fouling layers are adhesive or able to flow
. Submit Second Quarterly Report

Apr.—June 1996: Studies of Rapid Backpulsing

15.
16.

17.
18.
19.
20.

21

Modify ~experimental apparatus for rapid backpulsing

Perform initial backpulsing experiments with oily wastewater
Perform initial  backpulsing experiments with bacterial suspensions
Identify membranes and operating conditions for bentonite suspensions
Perform initial  backpulsing experiments with bentonite  suspensions
Determine parameter values for the backpulsing model

. Submit Third Quarterly Report

July-Sept. 1996: Optimization of Rapid Backpulsing

22.
23.
24,
25.
26.
27.
28.

Use backpulsing model to predict optimal backpulsing conditions
Perform optimal backpulsing experiments with oily wastewater
Perform optimal backpulsing experiments with  bacterial ~suspensions
Perform  optimal  backpulsing experiments with  bentonite  suspensions
Compare results to theory and to goals for permeate flux and quality
Perform economic analysis

Submit Final Report

4.1 Waters Containing Oil Droplets

Two dpha-dumina ceramic membranes (0.2- and 0.8-um pore Szes) and a surface-modified
PAN) membrane (0.1-um pore Sze) were tesed with an olly water containing
various concentrations of heavy crude oil droplets of 2-10 um diameters (Mudler e d., 1997).
Despite significant fouling and flux dedine (Figure 1), the membranes aways produced a high-
quality permeste containing less than 6 ppm oil (Table 2). Increasad ol concentrations in the feed
decreased the long-term flux, wheress the crossflow rate, transmembrane pressure, and temperature
hed rdativdy little effect on the long-term flux. Typica long-term flux vaues for membranes a 250

polyacrylonitrile (|

ppm ail in the feed are goproximately 3040 L/m*h (81 1 x 1 07° m/s).



Flux (kg/m2h)

1200 Figure 1. Mass flux of permeate
versus time for crossflow microfil-
1000 tration of 250 ppm heavy crude oil
0.2 pm ceramic membrane in water at 40°C, with a trans-
800 membrane pressure of 10 psi (69
000 kPa) and an average feed velocity
of 0.24 m/s, for three (ifferent
«00 0.1 um PAN membrane tubular  membranes.
200 0.2 ym ceramic membrane
0 —

Time (sec)

Table 2. Steady-state permeate flux and concentration of total oil and grease in
the permeate for cross microfiltration of wastewater contaminated with oil at 40°C

The report values are the mean plus and minus the 90% confidence intervals for three
repetitions [1psi = 6.9 kPa, 1 mL/min = 1.7x10° m¥s, 1 Um®*h = 2.8 x107 m/s]

Pressure Feed Rate Feed Permeate Permeate
Membrane (psi) (mU/min) Concentration Concentration Flux

(ppm) (ppm) (Um*h)

Ceramic 10 550 250 3.7+ 1.8 42 + 18
(0.2 um) 20 550 250 51+0.8 21 3
10 2100 250 46%0.2 32+ 12

10 550 1000 5.8+ 0.9 25+ 5

Polymeric 10 4900 250 1.8£06 34t 2
01 pm) 20 5000 250 0.5%0.2 32t 3
10 4900 1000 0.9+0.3 7+ 2

Ceramic 10 550 250 04+ 01 33t 6
(08 pm) 20 550 250 06+0.3 40122
10 2100 250 1.8i0.5 46+ 6

10 550 1000 1.5i0.2 26+ 11

The fouling mechaniams were identified with the ad of resgance modds in which the shape
of resgancevaustime curves indicates whether membrane fouling is internd (concave-up) or
externd (concavedown). Bath the 0.2- and 0.8-um ceramic membranes exhibited internd fouling
followed by externd fouling, wheress extand fouling characterized the behavior of the 0.1 -um PAN
membrane from the beginning of filtration (Figure 2). Examingtion of the extemd fouling layer
showed a very thin, hydrophobic ail layer adsorbed to the membrane surface: This ail layer mede
the membrane surface hydrophobic, as demondrated by increased water-contact angles. The all
layer proved resgant to removd by hydrodynamic (shear) methods, so it hed to be extracted usng
tetrachloroethylene.  Based on the reaullts of IR andyds the average thickness of ol a the end of
the experiment was edimated & 61 pum for the 0.2-um ceramic membrane and 30 pm for the 0.1-um
PAN membrane Thee measurenents are in good agreement with the predicted thicknesses from
a dmple mass bdance in which it is assumed that dl of the rgected all is retained on the membrane
and does not flow to the filter exit. .



The membranes were dso tested usng backpulang. Fgure 3 gives the flux versus time for two
different beckpulang cydes uang the ceramic membrane with a 0.8-um nomind pore 9ze The net
flux was maintained nearly condant for the duration of each expariment, and a vdue of 320 L/m>h
(8.9x107° m/s) was achieved for a backpulse duration of 2 s and a forward filtration time between
beackpulses of 60 s The corresponding long-term flux in the absence of backpulsng is less than 100
L/m*h (2.8x 107 m/s). Figure 4 shows a plat of the net flux with backpulsing versus the time of
forward filtration between backpulses of duraion 05 s for a dilute feed sream of 60 ppm ail in
water, usng a ceramic tubular membrane with a 0.2-pm nomind pore Sze. A longtem flux of 70
L/m*h (1.9x 1 07 m/s) was obsarved in the absence of backpulsing, wheress an optima net flux of
1260 L/m*h (3.5% 1 0~ m/s) was obtaned for a forward filtration time of 3 s between backpulses
For dl cases, the totd hydrocarbon content in the permeate was only 2-3 ppm.
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Figure 2. Total resistance of a
fouled membrane versus time for
crossflow microfiltration of 250
ppm heavy crude oil in water at
40°C, with a transmembrane
pressure of 10 psi (69 kPa) and
an average feed velocity of 0.24
m/s, for three different tubuler
membranes.

Figure 3. Forward flux versus
time during backpulsing of 400
ppm light crude oil in water at
20°C, with a forward transmem-
brane pressure of 15 psi (103
kPa), backpulse duration of 2 s,
and an average feed velocity of 4
m/s, using a 0.8-uym tubular
ceramic membrane. For the cycle
with a forward filtration duration of
60 s, the reverse transmembrane
pressure was 10 psi; for the cycle
with a forward filtration duration of
600 s, the reverse transmem-

10000 brane pressure was 5 psi.
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42 Waters Containing Microorganisms

Figure 4. Net flux with backpuls-
ing, versus duration of forward
filtration, for oily wastewater (60
ppm heavy crude oil in the feed)
feeding through a 0.2-pm ceramic
tubular membrane. Backpulse
duration 0.5 s; forward and re-
verse transmembrane  pressures
equal at 20 psi (138 kPa);
average feed velocity 3.5 mis.

Figure 5. Net flux with backpuls-
ing, versus duration of forward
filtration for a yeast suspension
(0.78% cells by volume in the
feed). Backpulse duration 0.1 s;
forward and reverse transmem-
brane pressures equal at 5 psi (34
kPa). The symbols are averages
from three repeated experiments,
the error bars are plus and minus
one standard deviation, and the
curve shows the theoretical flux
(Redkar et al., 1996).

The experiments with microorganisms were initially performed using Saccharomyces cerevisiae
yeedt cdls in water, Snce yeedt is readily avallable in powdered form which can be rehydraied for
use as needed. In addition, our laboratory hes had congderable experience with micrdfiltration of
yeest (Redkar and Davis, 1993, 1995). Since yeest cdls are large (4-5 um in diameter) redive to
membrane pore sizes, only externd fouling was obsarved. Rgpid backpulang experiments used
yeed suspended in daonized water, a fla-shest crossflov miardfiltration module, and cdlulose
acetate membranes with a 0.07-pm average pore dianger. The optimum forward filtration times
were found to be 1 .5, 3, and 5 seconds, respectivey, for backpulse durations of 0.1, 0.2, and 0.3
seconds (Table 3, Figure 5). Both theory and experiment gave net fluxes with backpulsng of about
85% of the dean membrane flux (2.2x10~* mys = 790 L/m*h), wheress the longterm flux in the
absence of backpulgng is nearly an order of magnitude lower (2.6x 10 m/s = 94 L/m*h). The data
fdl bdow the theory a longer forward filtration durations, because the backpulse duration is too

short to remove dl of the yeast depost.



Table 3. Net permeate flux at various backpulse durations for
crossflow microfiltration of a yeast suspension

[Yeast cells 0.78% by volume; forward and reverse transmembrane pressures equal at 5
psi (34 kPa). Forward filtration duration was optimal for each backpulse duration. The
clean membrane water flux is 790 L/m?-h, whereas the long-term flux in the absence of
backpulsing is 94 Lim*h (1 Uim®h = 2.8x107 mi/s)]

Backpulse Theoretical Observed
duration £,
(s) Permeate Fotward-flow Permeate Forward-flow
flux (Um*h)  duration £, flux (Um>h)  duration £
(s) (s)
0.1 680 2.1 650 15
0.2 650 3.1 680 3.0
0.3 610 3.8 680 5.0

Later expariments were paformed usang Escherichia coli bacterid cdlsin water and a flat-sheet
cdlulose acgtate membrane with a 0.22-pm nomind pore Sze The pure water flux for a deen
membrane a 10 psi (69 kPa) transmembrane pressure was 4700 L/m*h (1.3 x 10 m/s). In the
absence of backpulsng, a suspenson of 0.01 g becterialg (wet weight bass) caused a severe flux
dedine, dropping to a long-term vaue of only 12 L/m>h (3.2x 1 0 nvs) (Figure 6). However, a
backpulse duration of 1 sresuited in amaximum net flux of 50 L/m*h (1.4x 107 m/s) (Figure 7). By
using more rapid backpulsing, the maximum net flux was reised to 140 L/m*h (3.8x 10~ mvs) for
a backpulse duration of 0.1 s (Fgure 8).

43 Waters Containing Particulates

Crossflow micrdfiltretion is commonly used &s a pretrestment step to remove particulates from
wadewater prior to nandfiltration or reverse oamoss A review of the literature on this process led
to a dudy of the efectiveness of combining crossflov micrdfiltration with rgpid backpuldng as a
pretrestment Srategy using modd agueous sugpensions of bentonite partides. The bentonite patide
gze digribution, as meesured by a Coulter multiszer, is shown in FHgure 9. Mogt of the partides
have diamgters in the range of 1-10 pm.
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0004 Figure 6. Permeate flux versus
time for crossflow microfiltration

00035 without backpulsing of a 1% (wet

0003 weight) bacterial suspensionin
water at a transmembrane pres-

0.0025 sure of 10 psi (69 kPa)and an

0.002 average feed velocity of 0.24 m/s,
using a0.2-umcellulose-acetate

0.0015 flat-sheet membrane; the initial

0.001 flux of 0.13 cm/s is off the scale.
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Figure 7. Net permeate flux with
backpulsing versus duration of
forward filtration for crossflow
microfiltration of a 1% (wet
weight) bacterial suspension in
water at forward and reverse
transmembrane pressures of 10
psi (69 kPa), backpulse duration
of 1 s, and average feed velocity
of 0.24 m/s, using a 0.2-ym
cellulose-acetate flat-sheet
membrane.

Figure 8. Net permeate flux with
backpulsing versus duration of
forward filtration for crossflow
microfiltration of a 1% (wet
weight) bacterial suspension in
water at forward and reverse
transmembrane pressures of 10
psi (69 kPa), backpulse durations
of 0.1 s and 0.2 s, and an average
feed velocity of 0.24 m/s, using a
0.2-ym cellulose-acetate fiat-
sheet membrane.

Figure 9. Size distribution, ex-
pressed as particle count versus
particle diameter, of bentonite
particles suspended in water.



Micrdfiltration was paformed on agueous bentonite suspensons usng a tubular ceramic
membrane with a 0.8-um nomina pore diameter. Because of the large pore Sze, a very high water
flux of 2900 L/m*h (8.2% 10~ m/s) occurred a 20 ps (138 kPa) transmembrane pressure, but the
permeste flux for a0.2 g/l bentonite suspengon quickly dedined to 440 L/m*h (1.2x 1 0~ m/s) in
the absence of backpulang (Figure 10). Usng backpulses with a duration of 05 sled to a dramatic
improvament in the net flux (Figure 10), and amaximum net flux of 2300 L/m?*h (6.4x 1 0~* m/s) was
achieved & an optimum forward filtration duration of 5 s between backpulses (Fgure 11).
Interestingly, increasing the backpulse pressure to 20 ps (138 kPa) led to lower net fluxes (Fgure
12), with an optimum flux of only 970 L/m*h (2.7x 107* m/s). Presumébly, the decrease was due to
an increesed loss of parmeate during backpulsing. Additiona results are shown in FHgure 13 for a
shorter backpulse duration of 0.2 s which gave a dightly higher optima flux (1300 L/m*h =
3.6x10™* mvs). At alower feed concentration of 0.04 g/L, the optima net flux improved to 2220
L/m*h (6.2 x 1 0~* m/s), which is nearly a 1 O-fold increase in the long-term flux in the alosence of
backpulsing and dmost equd to the deanrwater flux of 2300 L/m?*h (6.4x 1 0~ m/s).  For the more
dilute suspension, the optimal forward filtration between backpulses is higher (Figure 14), due to the
dower buildup of the fouling layer. In al cases the permeste was vary deen, with a turbidity index
of lessthan 2 NTU.

4.4 Optimization Theory of Rapid Backpulsing

Rapid backpulang to reduce membrane fouling during cosflow  miadfiltration  and
ultrafiltration was studied theoretically by solving the convection-diffusion equation for
concentration polarization and depalarization during cydic operdion with transmembrane pressure
reversal. For a fixed duraion of reverse filtration, there is a criticd duration of forward filtration
which mugt not be exceaded if the formation of acake or gd layer on the membrane surfaceisto be
avoided. The theory dso predicts an optimum duration of forward filtration which maximizes the
net flux, Snce backpuldng a too high a frequency does not dlow for adequate permeete collection
during forward filtration rdative to that logt during reverse filtration, whereas backpulsng a too low
a frequency reaults in sgnificant flux dedine due to cake or gd buildup during eech period of

Figure 10. Permeate flux versus
time for crossflow microfiltration of
0.2-g/L bentonite particles sus-
pended in tap water at 27°C, with
a transmembrane pressure of 20
psi (138 kPa) and an average
feed velocity of 2.6 m/s, using a
0.8-pm ceramic tubular mem-
brane with and without backpuls-
ing. The backpulsing experiment
involved a backpulse duration of
0.5 s, a 6-s interval between
backpulses, and a reverse trans-
membrane pressure of 8 psi (55
kPa).
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Figure 11. Net permeate flux
versus the duration of forward
filtration between backpulses for
crossflow microfiltration of a Q.2-
g/L bentonite suspension in water
at forward and reverse trans-
membrane pressure of 20 psi
(138 kPa) and 8 psi (55 kPa),
respectively, a backpulse duration
of 0.5 s, and an average feed
velocity of 2.8 m/s, using a O.&pm
ceramic tubular membrane. The
solid curve shows the flux project-
ed by theory.

Figure 12. Net permeate flux
versus the duration of forward
filtration between backpulses for
crossflow microfiltration of a 0.2-
g/L bentonite suspension in water
at equal forward and reverse
transmembrane pressure of 20
psi (138 kPa), backpulse duration
of 0.5 s, and an average feed
velocity of 2.6 m/s, using a 0.8-pm
ceramic tubular membrane. The
solid curve shows the flux project-
ed by theory.

Figure 13. Net permeate flux
versus the duration of forward
filtration between backpulses for
crossflow microfiltration of a 0.2-
g/L bentonite suspension in water
at equal forward and reverse
transmembrane pressure of 20
psi (138 kPa), backpulse duration
of 0.2 s, and an average feed
velocity of 2.6 m/s, using a 0.8 pm
ceramic tubular membrane. The
solid curve shows the flux project-
ed by theory
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versus the duration of forward
filtration between backpulses for
crossflow microfiltration of a 0.04-
g/L bentonite suspension in water
at equal forward and reverse
transmembrane pressure of 20
psi (138 kPa), backpulse duration
of 0.5 s, and an average feed
velocity of 2.6 m/s, using a 0.8-pm
ceramic tubular membrane. The
solid curve shows the flux project-
ed by theory.
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forward filtration. In generd, short backpulse durations, low fesd concentraions, high shear rates,
and high forward transmembrane pressures give the highest net fluxes, wherees the magnitude of the
reverse tranamembrane pressure has a rdaively amdl effect (Redkar e d., 1996). Good agreement
between theory and experiment was obtained for yeest sugpensons and the low-concentration
bentonite suspension, wheress bacterid sugpensons and the more concentrated bentonite sugpenson
hed lower net fluxes then predicted. Presumably these latter solutions had incomplete cake remova
during backpulsng, which would resuit from irreversble or adhesve fouling. No theoreticd
andyss was atempted for the ol experiments, because the combination of internd and externd
fouling observed is not described by the current theory (which is redtricted to externd fouling).

5. System Description

A schematic of the expearimentd sgtup is shown in Hgure 15. The feed and backpulse reservoirs
are pressurized usng nitrogen cylinders with regulaior vaves. A pump drculates the feed through
the retentate 9de of the membrane module For the microbid suspensons, a peiddtic pump is
usad, wheress the sstup for the oil and particulae suspensons employs a gear pump cgpeble of
generdting higher flow raes A MinitanS fla-plate membrane module is ussd for the microbid
uspengons, typicdly with cellulose acetate polymeric micrdfiltration membranes Thismodule hes
nine pardld channds each 0.4 mm high x 7 mm wide x 50 mm long. A tubula membrane module
is used for the il and particulate solutions, typicaly with an alpha-alumina cerantic membrane. This
module has a angle tube of indde diameter 0.7 cm and length 21 am.

Cdlulose acetate membranes were used with the microbid sugpensions because such membranes
ae widdy usd in biotechnology and waer purification. The fla-shest geomelry was chosen
because it has wdl-defined flow profiles and because the membrane can esslly be removed and
ingoected or replaced. A ceramic membrane was used with the oil-water emulsons and bentonite
uspensons because ceramic membranes can be operated under high temperature and withstand
vigorous backpulang. Because they ae lrittle however, caramic membranes are not currently
avaldde in fla sheats and tubular geometries provide a wdl-defined dternaive

1



Figure 15. Schematic of the
experimental apparatus for cross-
flow microfiltration with back-
pulsing.

Solenoid vaves contralled by a microcomputer are used to switch between forward and reverse
filtration. Vave B is open and vave A is dosed during forward filtration, wheress vave A is open
and vave B is dosad during each backpulse. The switching time of the solenoid vaves is aoout 50
ms, dthough the dock speed of the microcomputer limits the minimum backpulse time to about 100
ms(0.19).

Both the backpulse and permeste resarvoirs St on dectronic badances intefaced to the
microcomputer. These dlow for the forward, reverse, and net permegte fluxes to be monitored. A
regenerator pump controlled by the computer keeps the feed concentration condtant by replacing the
permegte fluid. The retentate is recyded to the feed resarvair (in practice, a fraction of the retentate
would be collected as the concentrate Stream).

6. Economic Analyss

This section evaduates the economic agpedts of usng arossflow miardfiltration (CAFMF) with flux
enhancement by permeate backpulsing as a pretrestment Sep in reverse-osmods plants. It compares
this process with a conventiond flocculaion-multimedia filtration scheme. The dudy is based on
experimenta  data obtaned for bentonite sugpensons usng 0.8-um ceramic membranes The
andydss shows tha CFMF is not competitive with the conventiond technique if run under normd
oconditions without backpulsing, exoept in smdl plants that have capadities less than 05 MGD.? Aux
enhancement by backpulsang makes CFMF a vidble option as a pretrestment technique (at leegt for
the plant scdes consdered), roughly cutting in haf the unit codt for trested weter. Pretrestment codts
range from $0.30/m* ($1.13/1000 gel) for a 0.5-MGD plart, to $0.14/m* ($0.53/1000 gdl) for a 5-
MGD fadility, when net permeste fluxes of 1000 L/m*h are maintained. On the other hand, trested

*Curioudy MGD (millions of gallons per day) seems to be the unit of choice in the water treatment
industry (1 MGD=157.7 m*%hr) concerning plant capacity, while costs are often measured in terms of dollars per
cubic meter (1 m® = 264 gad; 1000 gd = 3.78 m®) of treated water. '

12



water derived usng a typicd long-term forward filtration flux of 200 L/m?h, without badkpulsng,
cods a least $0.43/m’ ($1.63/1000 gd), which is above the cogt for conventiond trestment for dl
but amdl-capedity plants (<0.5 MGD).

6.1 Cost Modd for Crossflow Microfiltration

The cost of water treetment can be gpportioned into cgpitd and operating cods. Capitd cods
represent the invesment required to provide a given capacity for tregted water production. This
investment indudes cogts such as land, enginegring, condruction, and inddlations (avil, dectricd,
mechanicd, etc.). Common pradtice for cadculaing the invesment reguired for a unit volume of
plant cgpadity (say in dollars per cubic meter of treasted waer) involves annudizing the initid cost
incurred in erecting the faality and dividing by its intended capaaity.

The operdting cods indude those expenses assodated with plant operation and maintenance,
such as energy consumption, membrane replacement, and labor. The cost of wagte disposl is highly
dependent on the nature of the feed and on plant location. For the water source consdered herein,
these cods were assumed to be negligible (though we note that conventiond treatment with filter
ads has higher wagte digposd cods than does membrane filtretion).

The present modd is based on the plant schemdic of Fgure 16. Waer from a naturd source
(such as a river, lake, or reservoir) is pumped through the CFMF module a a pressure of
goproximately 130 kPa. The concentrate is recyded through pump P2 & a rate dependent on the
desgn crossflow veodty. The desgn assumes use of tubular ceramiic membrane dements contained
in a large cylindricd module The membrane module charatteridics are contained in Teble 4. A
timer-controlled  sygem pamits switching operdting mode from forward filtraion to reverse
filtration (for gpplication of the permeete backpulse). As a generdity it is assumed that the backpulse
pressure is supplied by a pressurized reservair, with a backpulse pump Py, providing the necessary
pressure  difference,

Calculation of Capital Costs
Capitd codts are subdivided into membrane cogts and nonmembrane codts. The membrane codts
indude the initid cost of the membrane modules (C,,,,). This is given by

Cmem =cmodNnod (l)

where G, represents the cost of a sngle module and N4 the number of required modules The
number of modules required is cdculaed from the expresson (Pickering and Wiesner, 1993)

A
N 4= Integer{ —read +0.5}» )
Amod

Here, 4,,,,; is the membrane area of the membrane module in question and 4., is the required total
membrane area for the desgn flow a a given net flux. In mathemdicd terms

Qg
reqd J’e (3)
net

where @, is the flow rate & the plant design capadity and J,., is the memborane net flux.
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Table 4. Design and cost parameters used in
CFMF membrane economic model

Parameter Symbol Quantity
Diameter of membrane element d efem 4mm
Number of elements per module RIE 684
Length of module Lrod 850 mm
Diameter of module rnod 320 mm
Cost of each module Crmod $14,600
Recommended membrane life ML 8 years
Feed gauge pressure P, 130 kPa
Backpulse gauge pressure Ppp 260 kPa
Backpulse duration tho 02 s
Forward-flow duration tes S5s
Plant recovery R 90%
Amortization period of plant T 20years

The nonmembrane costs (C,mem) @€ Cdculated from an expresson compiled by Fickering and
Wiengr (1993) udng daa from membrane and enginering and condruction companies which
indudes cods due to enginexring and condruction, and inddlaions

C,..=$1.50x10° N, _,°™ )

The totd capitd codt is then amortized over the design life of the plant to yidd an annudized
cgpita cog. Thus,

CC_ (Cmem+Cn- m)(AF) (5)

Qreqd
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where CC represants the annudized plant capita cost, and the amortization factor AF is given by
ap= 20 (6)
(a+n7-1
where T is the plant life and i the annud discount rete for capitd investment.
Calculation of Operating Costs

The man operating cods to condder consg of energy (for pumping feed, recyding concentrate
and pumping backpulse permeate), membrane replacement, maintenance, and labor.

Cost of Pumping Feed

The cogt of pumping the feed from ambient pressure Py to Py is given by the smple expression
0
(P, ~Py)—

N, .
E=—— L 7
1 o 7

where 7, isthe efficiency of the pump and the cogt is expressed per unit volume of trested water.
O isthe fead flow rete dravn into the tregting plant and differs from the plant capadity Q,.,,by the
quartity Q,,, as shown in FHgure 16.

Cost of Pumping Recycle

The cogt of recyding concentrate will depend directly on the pressure drop through the module
on the concentrate Sde. This can be cdculaied by usng the pressure-drop equation for flow through
atube

2L, PCFV?
P g=-——7 7 (8)

mod d s

elem

wherelL,,,; represents the length of the module, p is the dengty of the fluid, CFV the average cross-
flow veodty within the membrene dement, ad d,,,,,, the diameter of the membrane dement. The
Fanning friction factor ; can be approximated by the expressons (Perry and Green, 1984)

1= 16 N, < 4000 %)
NRe
0.079 1
fr= o2 Na> 4000 (10)
NR:

Here, the Reynolds number, N, is based on the diameter of the dement and the average cross-flow
vdoaty, CFV. Once the pressure drop through the dement is known, it is graghtforward to
cdculate the energy required to pump the recycled concentrate Sream as

Aind-i_R
E=— 2 (11)
Q regd
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where @, isthe recyde stream flow-rete and 1), is the recyde pump efficency. The recyde flow rate
Qx is found from the expresson
Qr =0r _Qreqd _Qw (12)

where Q. isthe totd flow rate entering the module and @, is the weaste concentrete flow rate. Q; is
edly found by fixing the aossflow vdoaty within the membrane dements

Or = CFV(4,) Npog Ng (13)

with A, being the membrane dement cross sectiond areg, N, ;the number of modules reguired and
Ng the number of dements per module The weste concentrete is fixed by spedfying a plant

recovery, R:
O, = Or (1-R) (14)
A typicd vdue of R = 0.90 (Pickering and Wiesner, 1993) is used heren.
Cost of Backpulsing
The energy cogt of pumping the parmeete for backpulse is given by

E = - = 15
bp and ( )
where TNop is the backpulse pump effidency, and Q,, isthe backpulse flow rate Oy, 1s Obtained by
usng the dean parmedte flux, J,, , as
pr =J bp Amod N mod (16)
Since backpulang only occurs for part of a cyde, the energy caculated in Equation 15 is weghted
by the equation
E,,=E Lo a7

bp
tcycle

where 1, is the backpulse duration time and ¢,,,,, is the duration of the operating cyde (beckpulse
+ forward filtration).

The totd energy codt is then given by
CE =Cem(E 1 *E 2 *E bIP) (l 8)
where Cyyy, IS the cost per kilowatt-hour in dollars.
Cost of Membrane Replacement

It is sengble to congder the membrane replacement codt as a varidble (or operating) codt rather
then a periodic investment of capitd. It can be modded as a congant operating cost by assuming thet
the membranes will be replaced a a fixed interva per the manufacturer’s recommendetion. Thus
the cog of membrane replacement may be annudized over one replacement peiod by usng the
amortizetion factor of

AF, = ¥ (19)

(@ +i, M
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Here, ML is the recommended membrane life (in years) ad i,, is the annua disoount rate for
membrane replacement. The annud cost of membrane replacement is then cdculated from

- CmodeodAFM

CM ] Qreqd (20)

Cog of Labor and Maintenance

The required labor is cdculated from gragphicd data for man-hour requirements for fluid
processing plants from Peters and Timmerhaus (199 1), and the cogt of maintenance is teken as an
annudized 1.5% of the nonmembrane cos (Owen & 4d., 1995). The vdues for cogt and desgn
parameters used can be found in Table 4.

Thetotd codt of the tregted water (in dollars per cubic meter of treated water) is found by adding
the capitd and operating codts discussed above.

6.2 Cost Modd for Conventional Treatment

The cods for a conventiond trestment plant have been cdculated previoudy (Wiener & 4.,
1994), based on the detailed modd of Clark and Dorsey (1982) and Clark and Morand (198 1). The
andyds is based on the basc schematic of the treatment plant of Fgure 17. Waers of average
turbidity (2550 ntu) will require rapidmixingfflocculaion followed by gravity sdtling and
multimedia filtration. ‘Chlorine must be added for bacterid trestment, and sodium hydroxide and
ulfuric add are necessxy for pH adjusment. Spedific vaues of the range of desgn parangeas ae
induded in Table 5.

6.3 Analysis and Discussion

Capitd and operating cogts were cdculated over a range of vaues of the permeate flux, & two

different plant cgpadities (see Hgures 18 and 19). It is obsarved that, with the commerdidly availadle

modules, increaaing the flux decreases the cogt of water trestment, dthough the effect is smdl when
the flux is above gpproximatdy 1000 L/m?h. As expected, the cost of trested water decreases with

increasing plant cgpadity; however, the decrease becomes less sgnificant for higher ranges of plant
capaaity.

Figure 17. Schematic of con-

Coagulamt & .
other Chermcals To RO membrane ventional water pretreatment
systems.
| Cartridge
Rapid Mix  Flocculator Sertling Tank Filters

Mult-Media

Fiia
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Cost of Treated Water [$/m’)

Cost of Treated Water ($/m?]

Table 5. Design and cost parameters 1sed in conventional treatment plant model

Cost Parameters Design Parameters
Amortization period 20 vyears Rapid mix detention time 30 s
Annual interest rate 10% Rapid mix velocity gradient 6001s
Annual discount rate 8% Coagulant dosage 30 mg/L
Labor $0.07/hr Pump efficiency 70%
Electricity ~ fuel $0.9/gal Flocculation detention time 20 min
Natural gas $0.001//t Flocculation velocity gradient 600/s
Sediment basin geometry Rectangular
, Sediment basin overflow rate 540 gsd
Cost of Chemicals Sed. basin sludge come. (% solids)  0.7%
Alum (dry form) $250/ton Filter media depth 12-18 in
Soda ash (dry form) $150/ton Filter media diameter 0.55/1.15 mm
Sulfuric acid (98% liq.) $200/ton Uniformity coefficient 1.55/1.55
Powdered act. carbon $0.55/Ib Fitration  rate 5 GPM/ft?
Chlorine (lig.) $250/ton Backwash  velocity 20 GPM/ﬂ2
14
12 ¢
1 4
038 1 Figure 18. Water pretreatment
cost versus permeate flux for a
0.6 OS-MGD facility using membrane
o filtration with backpulsing.
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Cost of treated water ($/m?]

Cost of treated water ($/mJ]

If the membrane plant is operated a a flux of 200 L/m”h, pretrestment costs are competitive
with those of smdl conventiond plant inddlaions (OS MGD and lower capadity) (Fgure 20). If
the membrane flux is raised to 1000 L/m*h by backpulsing, membrane pretrestment becomes a
vidble dternative for even high-cgpadity systlems, incurring codis thet are goproximatdy hdf of those
from a large conventiond plant (Figure 21).

o o
® © -

©o oo 0000
- N W A D OO
I S N 4
' '

—o— CFMF wo BP
~@— Convent

o
[

© ©o o0 000 0 0
O & N W b 0 & v & e

1
Pretreatment Capacity [MGD]

10

~o— CFUF w BP
=@~ Cormvert

o
-

\\‘\

Pretreatment Capacity [MGD]

19

10

Figure 20. Comparison of water
pretreatment cost versus capacity
for membrane filtration without
backpulsing (200 L/m2-h flux) and
conventional filtration.

Figure 21. Comparison of water
pretreatment cost versus capacity
for membrane filtration with
backpulsing (1000 L/m*h flux)
and conventional filtration.
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APPENDIX » DATA RECORD

A. Data for oily wastewater corresponding to Figure 1 and Tabte 2 for the 0.2 um ceramic

membrane.

[Statistical Data Analysis of the Membralox alpha alumina ceramic membrane Experiment ﬁesun_g,

L

L

Experiment Flux (Liter/m’ he) | \ \ |
| |

Initial First|Final First] Flux FTux Flux Fin Emuls|Final 2nd |Permeate

Water Water/init [at al at Fludink Water  |Oil

Flux Emul Flux 2nd Wat F| Flux Conc.

50 sec 1450 sec 2000 sec 4000 sec 000 sec 8B50 se¢ 10800 sec (bpm)

i —
Ml « Baseline
Run 1 | 656.6 560.5 480.5 86.5 40.8 27.5 35.2 2
[Run 2 585.1 464 .4 416.4 96.1 47.3 344 4.4 57
Run 3 640.6 537 352.3 106.6 77.7 63.7 55 3.5
Mean 627.4 520.6 416.4 96.4 553 41.9 415 2.7
Standard Deviation 375 §0.1 64.1 10.1 19.7 19.2 0.7 1.9]
90% Confidence Inter 356 47.6 60.9 9.5 18.7 18.3 11.1 1.8
M2 - High Pressure —
Run 1 T T16.1] _ Trr.5] 4324 50.5 31.3 23.1 207 32
Run 2 545.1 480.5 328.3 57.7 30.5 20.7 15.2 5.9
Run 3 728.7 713.4 609.2 53.7 27.2 18.4 18.3 4.3
Mean 883.5 857.1 458.8 54.0 29.7 20.7 18.1 5.1
Standard Deviation 1222 158.3 142.0 3.8 22 2.4 2.8 0.8
90% Confidence inter 116, 1484l 13418 a4 2.11 22 26 0.8
| | [

M3 . High CFV I | |
Run 1 258.2 199.4 16011 81.71 57.7 43.2 NT 4.7
Run 2 239.4 200.2 183.41 78.91 44.8 34.4 NT 4.4
Run 3 312.3 232.2 198 6] 81.71 48.5 17.8 NT 4.7
Mean | 289.3 210.8 174.01 80.11 497 31.7 NT 4.8
Standard Dewiation 38.2 18.71 21.3| 2.81 7.0 13.0 NT 0.2
90% Confidence Inter 38.3 17.81 20.31| 2.6 6.7 12.41 NT 0.2




A. ...(continued)

Experiment Fiux (Liter/m- nn | | - I

inftial First[Final First |Flux Flux Flux Fin Emuls |Final 2nd_|Permeate

Water Water/Init |at at at Flux/lnit |Water Qil

Flux Emul Flux 2nd Wat FjFlux Conc.

50 sec _ |1450 sec }2000 sec |4000 sec |6000 sec |8650 sec |10800 sec|(ppm)
M4 .« Law Temp
Run 1 268.8 262.9 253.4 151.4 112.4 98 NT 4.37
Run 2 284 .4 231.1 231.9 132.3 99.6 106.7 NT 6.11
Run 3 2334 247.2 247.2 144.3 86.9 69.3 NT 57
Mean 262.2 247 1 244.2 142.7 99.6 91.3 NT 54
Standard Deviation 26.1 15.9 11.1 9.7 12.8 19.6 NT 0.9
90% Confidence Inter 24.8 15.1 10.5 9.2 12.1 18.6 NT 0.9]
Run 1 344.3 360.7 256.5 69.7 52.1 31.2 37.4 6
Run 2 3362 272.3 149.7 49.6 29.6 19.9 23.2 6.6
Run 3 264.3 270.1 169.6 49.7 29.6 23.9 22.3 4.7
Mean 319.6 301V 192.4) 56.3 37.1 2590 27.6 5.8
Standard Deviation 314 517 56.8 11.6 13.01 57 8.5 1.0
90% Confidence Inter 29.8 49.‘!r 53.91 11.0 12.3 54 8.0 0.9

|
M6 - Dead-End :
Run 1 352.3 280.51 240.5 118.5 76 9 63.2 NT 4
Run 2 288.3 224.41 126.7 76.61  56.1 33.6 NT 5.3
Run 3 344.7 208.2 166.6 124.1 100.9 74.6 NT 4.2
Mean ] 328.4 237.7 1779 107.1 78.0 57.1 NT 4.5
Standard Deviation 35.0 37.9 57.7 24.8 224 21.2 NT 0.7
90% Confidence Inter 33.2 36.0 54.8 23.6 21.3 20.1 NT 0.7
|




B. Data for oily wastewater corresponding to Figure 1 and Table 2 for the 0.1 pm polymeric
(polyacrylonitrile) membrane.

[Statistical Data Analysis of the Zenon suriace Moaiied PAN membrane Experiment Results
1 ]
Experiment [Flux (Liter/m* ho
|
Initial First] Final First| Flux Flux Flux Fin Emuls (Final 2nd |Permeate
Water Water/init_at at St [Fludinit Water 0il
Flux Emul Flux (2nd Wat H Flux Concentr
50 sec  |1450 sec [2000 sec 4000 sec sec |8650 sec 10800 sec)(ppm)
|[£1- Baseline
Run_ 1 | | 314 220 123.7 57 42.3 32
Run 2 304.5 217.91 129.6 62.0 471 37.1
Run 3 1 218.11 172,71 115.81 - 47.11 34.21
Mean 278.91 203.51 123.01 60.2 S. 5 34.4
Standard Deviation 52.8 26.7 6.5 3.0 2.8 26
90% Confidence Inter 50.2 25 4 6.6 2.5] 2.6] =241
\
Z2 « High Pressure
Run_1 _4306| 62.4) 20,0 30.4 23.11 o.e]
Run 2 404. 270.9 131.5 £E SR.F P 24.81 0.7
Run 3 _573.1 3222 155.2 68.8 49.1 35.9 30.4 0.3
Mean 472.5 287.3 163.0 68.7 45.9 32.0 26.1 0.5
Standard __Deviation 88.9 30.2 36.1 13.7 5.5 3.4 3.8 0.2
80% Confidence Inter, 84.4 28.7 34.3 13.0 5.3 3.2 3.6 0.2
I —
Z3 - High CFV =
Run 1
Run 2
Run 3
Mean |
Standard Deviation
90% Confidence inter




B. . ..(continued)

ETperiment Flux (Liter/m* hr)
Initial  First | Final First JF Flux Flux Fii ermeate
Water ater/int At at at Water. il i
Flux: mul_Flux 2nd _\Wat_FlFlux gentr’
sec 1450 sec [2000 sec 14000 sec {6000 sec [8650 sec {10800 sec m)
24 -Low Temp
Run 1 187.5 162.1 129 68.3 43 33.6 29.9 1.2
Run 2 236.5 167.9 134.7 70.3 45 27.8 21.3 36
Run 3 209 158.3 127.1 70.4 46.9 30.5 26.2 3.6
Mean | 211.0 162.8 130.3 69.7 45.0 30.6 25.8 2.8
Standard Deviation 24.6 4.8 4.0 1.2 2.0 29 4.3 1.4
90% Confidence inter 23.3 4.6 3.8 1.1 1.9 2.8 4.1 1.3
|
Z5 - High Oit Conc
Run1 | 439.6 404.3 367 51 16.5 9.22 7.47 0.8
Run 2 614.9 447.9 217.9 35.5 16.1 5.27 3.73 1.2
Run 3 580.9 461.7 337.9 27.9 18.1 6.08 5.5 0.6
Mean | 545.1 438.0 307.6 38.1 16.9 6.9 5.6 0.9]
Standard Deviation 93.0 30.0 79.0 11.8 1.1 2.1 1.9 0.3
90% Confidence Inter 88.3 28.5 751 11.2 1.0 2.0 1.8 0.3

C. Data for the oily wastewater corresponding to the 02 pm ceramic membrane

in Figure 4.

LOW OIL CONCENTRATION (60 ppm) FOR 02 wm CERAMIC MEMBRANE

e
5

MW — . ;

[EENEEN
o1 o

Flux. {Cperm.
<1161 NT
75 NT
1280 2 ppm
1212 3.1ppm
936 2.0ppm
819 NT
498 NT

NT » not taken

For these runs the clean flux observed was of 2100 L/m2hr



D. Data for yeast suspensions corresponding to the 0.07 pm cellulose acetate
membrane in Figure § and Table 3.

to(sec) 1 & c )| Net Flux (cm/sec)

0.1 05 0.012632 + 0.001842
0.1 1.0 0.016579 = 0.000526
0.1 15 0.018289 = 0.001447
0.1 2.0 0.015789 + 0.001974
0.1 3.0 0.016250 + 0.004145
0.1 4.0 0.013750 = 0.002829
0.1 5.0 0.009803 = 0.000461
0.1 6.0 0.009211 = 0.000526
02 05 0.009737 = 0.001842
02 1.0 0.015921 = 0.000395
0.2 15 0.017368 = 0.001316
0.2 2.0 0.017237 £ 0.000132
02 3.0 0.019868 = 0.000921
02 4.0 0.018421 = 0.001053
0.2 5.0 0.018421 = 0.002237
0.2 6.0 0.015132 + 0.004342
03 05 0.007150 = 0.000789
03 1.0 0.013750 + 0.000855
03 15 0.016711 = 0.000263
03 3.0 0.017895 = 0.002632
0.3 5.0 0.019342 =0. 001184
03 6.0 0.011447 = 0.001053
03 8.0 0.009408 = 0.000724




E. Data for bacterial suspensions corresponding to the 0.22 um celiulose acetate membrane in
Figure 7 and 8.

Normnal Crossflow Experiments:
| Flux (cm/sec)
3/6/96 0.000331
3/6/96 0.000307
7236 0.000309

3ackpulsing Exxperiments:

(sec_ )] tr(sec) | Jcmy/sec) | Jn(cmisec) | Not Flux (cmi/sec) | _Date
0.1 0.1| 0520249 0.524133 -0.0019( 7/22/96
0.1 0| 0.258333 0502692 0.00465 | 7/17/96
0.1 02| 0.259622 0.507969 0.00375 | 7/18M96
0.1 02| 0.250886 0.491296 0.00349 | 8/1296
0.1 02| 0.252774 0. 494069 0.00382 | 8/13M96
0.1 05| 0.056566 0.261477 0.00355 | 7/5/96
0.1 05| 0.102183 0. 488892 0.00367 | 8/15/96
0.1 05| 0.107375 0.512425 0.00407 | 8/16/96
0.1 I 0.057842 0. 540656 0.00343| 7/11/96
0.1 1| 0.056964 0547966 0.00197 | 8/19/96
0.1 1 0.056692 0.539118 0.00252| 8/20/96
0.1 1.1] 0.044374 0.469185 0.00174 | §/17/96
0.1 1.5 0.035835 0.512537 0.00156 | 571586
0.1 2| 0.027277 0.522767 0.001~ | 5/14/96
0.1 31 0.017824 0.501518 0.00107 | 5/10/96
0.1 4| 0.014076 0.533722 0.00071| 4/3/96
0.1 51 0.011157 0529369 0.00055| 4/196
0.2 0.2 | 0.234044 0.255011 -0.0104 | 71166
0.2 05| 0.098023 0.256838 -0.0033 | 771296

0.2 1.5 0.032908 0.238633 0.00096 | 7/396
0.2 1.5 0.0359 16 0.264415 0.00058 | 7/8/96
0.2 1.5 | 0.033709 0. 245202 0.00089 | 7/9/96
0.2 2| 0.026002 0.249241 0.00097 71296
0.2 2| 0.026336 0.254838 0.00077 | 7/29/96
0.2 2| 0.025556 0.244604 0.00099 | 8/896
0.2 2| 0.025342 0.243281 0.00092 | 8M/96
0.2 31 0.017475 0. 249404 0.00079 | 6/28/96
0.2 31 0.017426 0249115 0.00076 | 71196
0.2 4 0.013326 0.250249 0.00077 | 6/27/96
0.2 5| 0.011170 0.260342 0.00072 | 6/26/96

1 51 0.012296 0. 064780 -0.0005 | 7/24/96
| 10| 0.008600 0. 082539 0.00031 | 3/8/96
1 10| 0.006445 0.060912 0.00032 | 7/25/96
1 10| 0.006506 0.060938 0.00037| 81296
1 151 0.005191 0.067094 0.00067 | 3/7/96

| 20 | 0.005131 0.082377 0.00096 | 3/11/96
1 25| 0.003926 0.071469 0.00102 | 3/19/96
| 30| 0.003111 0. 055651 0.00121 | 3/19/M6
1 40 | 0.003439 0.081318 0.00137 | 3/20/96
| 80 | 0.002152 0.066910 0.00130 | 3/20/96




F. Data for a bentonite suspension corresponding to the 0.8 mm ceramic membrane
in Figures 12 and 13.

Experiments with high turbidity bentonite feed (C=0.2 g/L)

t,=0.2 s
Tf (s) | Meas. flux [L/m’hr] | Std. Dev [L/m°hr] | 90% C.I. [L/m*hr] | Perm. NTU*
0.5 -239 NT NT 0.30
1 761 304 +354 .0.90
3 800 NT NT 1.56
5 1139 119 +138 1.70
10 1305 274 NT 1.71
20 953 6 +7 0.20
t,=0.5s
IT'f(S) | Meas. flux [L/m*hr] | Std. Dev [L/m*hr] | 90% C.I. [L/mhr] | Perm. NTU*
05 -364 187 +178 0.23
] -39 65 +61 0.46
3 1087 250 1238 1.10
5 947 180 +171 1.24
10 961 123 +117 0.53
20 992 73 +70 0.26

-Average uncertartainty in the turbidity values was adways less than 12%.
C.1. - Confidence interva

NT - Not enough repeats were performed for a forma uncertainty analyss




G. Data for a bentonite suspension corresponding to the 0.8 mm ceramic membrane
in Figure 14.

Experiments with dilute bentonite feed (00.04 g/L)

Tf(s) | Meas. flux [L/m’hr] | Std. Dev [L/m*hr] | 90% C.I. [L/m*hr] | Perm. NTU*
0.5 -608 NT NT 0.27
] 274 NT NT 0.70
1214 NT NT 1.50
10 1559 150 +175 0.90
20 2224 274 +318 0.40
40 1713 NT NT 0.50

*Average uncertartainty in the turbidity values was adways less than 12%.
C.l. . Confidence interva

NT - Not enough repeats were performed for a forma uncertainty anayss
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