
FIG. 1A

FIG. 1B

1/16

122

122

P1

P2

P3

116

106 B

101

101

101

102

104

102

108
110

112
114

106

100

100

118

120

P1

P2

P3

116

124

118

120

B

FIG. 1C

102
102A
102B

104



2/16

101

FIG. 1D

FIG. 1E

FIG. 2

102
102A
102B

104A
104B

104

116
142

142

130
132

128

140

206

118

120

P1

P2

P3

126

200

204 208202

102

104
101

106



163

FIG. 3

Influent Resevoir
306

Membranes

301

308

Feed
Stream

314

Influent
304

Membrane-based 
Detector

302
Permeate 
Resevoir

312

316 318

Permeate
Stream

(Effluent)
310

300

Upstream

Downstream



164

Control Unit
322

FIG. 4

Computer
344

PID Control 
Designed for 
Novel Sensor

342

Telephone to 
Report Activate 
Warning Alarm

P1

P2

P3

332

334

Sensor Unit
320

326

328

330

324

Flux

340

338

318

318

302

336

316



165

Pressurization and Vacuum 
Mode Operation

Input
P1, P2, and P3
P3=0 for Pressurization Mode
P1=0 for Vacuum Mode

If a< <b;
and/or ad<d /dt<bd

If b c;
and/or bd d /dt cd

If >c;
and/or d /dt>cd

Normal, no particle, and 
membrane process is intact

Abnormal, the particles are 
being detected

Alert, membrane failure, and 
high particle concentration 
found in the permeate

Additional
case I?

Additional
case II?

Report for additional case II Report for additional case I

Terminate?

End

Start

Calculate d (t)1/dt

)()(
)()()(

1

1

nn

nnn

tt
tt

dt
td

Calculate (t)1:

nn

nn
n PP

PP
t

,3,2

,2,1)(

FIG. 5

S502

S510

S514

S518

S508

S512

S516

S520S524

S522S526

S528

Y

N

Y Y

NN

N

Y

N

Y

N

Y

S504

S506



166

FIG. 6

P1

P2

P3

Membrane
Module

320

Flux

618

5 Liter 
Beaker
600

Flow Meter
604

Bentonite Particles

602

616616



0

10

Time (minutes)

Time (minutes)

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300 350 400 450 500 550

0 50 100 150 200 250 300 350 400 450 500 550

A

B

C

D

E

F

G

H

0
1

2
3

4
5
6

A B C D E F G H

7
8

9
10

P 1(k
Pa

), 
P 2(

kP
a)

 a
nd

 

P
2

P
1

FIG. 7A

FIG. 7B

7/16



P 1(k
Pa

), 
P 2(

kP
a)

 a
nd

 
Re

sp
on

se
 t

im
e 

(m
in

ut
es

)

0
0 10 20 30 40 50 60 70 80

Add Bentonite
50 ppm

90 100 110 120 130 140 150 160

3
6
9

12
15
18
21
24

Time (minutes)

Supply pressure (P
1
) (kPa)

27
30
33
36
39

P
1

P
2

0
0 10 20

12.5 ppm

25 ppm

30 40 50 60 70 80

2
4
6
8

10
12
14
16
18

FIG. 8

FIG. 9

8/16



0

2

4

6

Re
sp

on
se

 t
im

e 
(m

in
ut

es
)

Re
sp

on
se

 t
im

e 
(m

in
ut

es
)

8

10

12

14

0 5 10

10

50 kPa

P
1
=50 kPa

P
1
=30 kPa

30 kPa

15 20

20

25
Bentonite particle concentration (mg/L)

30

30

Flow rate (ml/min)

Apparent response time

Apparent response time

Apparent response time

Effective response time

35 40

40

45 50

50 60

55

0
0

1

2

3

4

5

6

7

8

Effective response time

Effective response time

FIG. 10

FIG. 11

9/16



Supply pressure (P
1
) (kPa)

0

1
0.9
0.8
0.7
0.6
0.5
0.4

9
8
7
6
5

Ap
ar

en
t 

re
sp

on
se

 t
im

e 
(m

in
ut

es
)

4
3
2
1
0

Module III

Module III

0.3
0.2
0.1

0
10 20 30 40 50 60

Supply pressure (P
1
) (kPa)

0 10 20 30 40 50 60

Module IV

Module IV

FIG. 12

FIG. 13

10/16



0

10

20

30

40

50

60

70

80

0

10

0 1 2 3 4 5 6

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 87.5

7
Bentonite concentration (mg/L)

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

20

30

Re
sp

on
se

 t
im

e 
(m

in
ut

es
)

Re
sp

on
se

 t
im

e 
(m

in
ut

es
)

Average turbidity (NTU)-Bentonite solution

40

50

60

70

80

FIG. 14

FIG. 15

11/16

Module IV

Module VI

Module IV

Module VI



P
1

60
55
50
45
40
35
30
25
20
15
10
5
0

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

P 1(k
Pa

), 
P 2(

kP
a)

 a
nd

 

35

30

25

20

15

10

5

0
0 1 2 3 4 5 6 7 8 9 10Ap

pa
re

nt
 r

es
po

ns
e 

tim
e 

(m
in

ut
es

)

Concentration of feed in permeate (%)

Time (minutes)

0.5% contaminant

Add 0.5% of
feed solutionP

2

FIG. 16

FIG. 17

12/16



P
1

P 1(k
Pa

), 
P 2(

kP
a)

 a
nd

 
P 2(

kP
a)

, P
3(
kP

a)
 a

nd
 

P
2

P
2

P
3

Inject bentonite
particles

5 ppm bentonite

Make hole (0.7mm diameter)
on membrane

60

60 90 120 150 180

Time (minutes)

Time (minutes)

55
50
45
40
35
30

30

25
20
15
10
5
0

0

-51
-48
-45
-42
-39
-36
-33
-30
-27
-24
-21
-18
-15
-12
-9
-6
-3
0
3
6

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190

FIG. 18

FIG. 19

13/16



0
0 5 10

Bentonite concentration (mg/L)
15 20 25

10

20

30

40

50

Ap
pa

re
nt

 r
es

po
ns

e 
tim

e,
 d

et
ec

tio
n 

tim
e,

an
d 

tim
e 

la
g 

(m
in

ut
es

)

60

70

80

90

Apparent response time
Detection time
Time lag

-51
-48
-45
-42
-39
-36
-33
-30
-27
-24
-21
-18
-15
-12
-9
-6
-3

0
3
6

P 2(
kP

a)
, P

3(
kP

a)
 a

nd
 

Inject bentonite
particles

1 ppm bentonite

Time (minutes)

P2

P3

1901801701601501401301201101009080706050403020100

FIG. 20

FIG. 21

14/16



0

5

10

15

20

25

30

35

40

Apparent response time
Detection time
Time lag

0
0 0.5 1 1.5 2

Average turbidity (NTU) - Bentonites solution

2.5 3

0 0.5 1 1.5
Bentonite concentration (mg/L)

2 2.5 3

3.5 4 4.5

10
20
30
40
50
60
70
80
90

Ap
pa

re
nt

 r
es

po
ns

e 
tim

e 
(m

in
ut

es
)

Ap
pa

re
nt

 r
es

po
ns

e 
tim

e,
 d

et
ec

tio
n 

tim
e,

Ti
m

e 
la

g 
(m

in
ut

es
)

Module I

Module II

FIG. 22

FIG. 23

15/16



Time (minutes)

Make one pin hole
on the membrane

0 20

15
10
5
0

-5
-10
-15
-20
-25
-30
-35

40
P2

P3

60 80 100 120 140

15

10

5

0
0 1 2 3 4 5 6 7 8

-5

-10

-15

-20

-25

-30

-35

P3

P2

Time (day)

Enlarged area for last 2 hours

P 2
(k

Pa
), 

P 3(
kP

a)
, a

nd
 

P 2
(k

Pa
), 

P 3(
kP

a)
, a

nd
 

B

9

FIG. 24A

FIG. 24B

16/16



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /IllustrateCondensed
    /SymbolMT
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


