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® Nano Filtration
® ® 0.0005 to 0.005 microns
u ® ® Sugars, Dyes, Surfactants, Minerals
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Figure 23. Flux as a Function of Pressure
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Isotropic membranes

Isotropic microporous Nonporous dense Electrically charged
membrane membrane membrane

Anisotropic membranes Supported liquid
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Loeb-Sourirajan Thin-film composite
anisotropic membranes anisotropic membranes

t Polymer
matrix

Figure 1.1 Schematic diagrams of the principal types of membranes.
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Cross-section of UF merﬁbrane cas.t"c.)h spun;bonded polyethylene backing.
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SEM picture of cross section of cross section of commercial flat sheet
composite RO membrane.
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MEMBRANE MATERIALS

DIACETATE MEMBRANES
COMPACTION, DETERIORATION IN PRESENCE OF MICRO-

ORGANISMS GOOD FLUX (15 GFD)

TRIACETATE .
HIGHER SALT REJECTION, MORE STABLE
1LOW FLUX (3 GFD)

OPTIMIZES DI- AND TRI- ACETATE PROPERTIES

POLYAMIDE (HOLLOW FIBER)D
INERT, WIDE pH AND TEMPERATURE RANGE

THIN FILM COMPOSITE (TFC)
SOLUTION DEPOSITION OR IN-SITU INTERFACTIAL

POLYMERIZATION
HIGCH REJECTION, EXCELLENT FLUX, STABLE
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ADVANTAGES AND DISADVANTAGES OF DIFFERENT MEMBRANES

Asymmetric Cellulose Acetate

Inexpensive

Easily processed
Resistant to chlorine
Well characterized

Asymmetric Aromatic Polyamide

Resistant to pH extremes
Nonbiodegradable

Relatively easily processed
Well characterized '_
Higher rejections

Hydrolyzed easily (pH limits: 4-8)

Biodegradable

Temperature-sensitive (max. 35°C)
Difficult to clean

Higher rejections

Thin Film Composite: PEC-1000

Nonbiodegradable
Very high rejections
Good pH resistance

Thin Film Composite Aromatic Polyamide: FT-30
Resistant to pH extremes
Non biodegradable
Very high fluxes
Better temperature resistance (max. 45-80°C)

Damaged by chlorine
Temperature-sensitive (max. 35°C)

Damaged by chloride
(some Cl2
More difficult to manufacture

tolerance)

Unstable to chlorine and oxygen
Low fluxes
More difficult to manufacture
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SPIRAL-WOUND CARTRIDGE (FLOW PATTERN)
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Adapted from Boddeker et al., 1976.
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Figure 4.12 Plate-and-frame membrane module. Courtesy of Elsevier.
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Table 4.3 Brief comparison of four basic RO membrane module

configurations.”
Property Plate-and- | Tubular | Spiral Hollow
Frame Wound | FineFiber
Packing 45-150 6~120 150-380 | 150-1,500

Potential for
Fouling

Density, ft*/ft*

Moderate

Ease of
Cleaning

Relative

Cost

Manufacturing

Good

Low
Excellent

High

—

High
Poor

Moderate

Very High

Poor
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Table 4,1 Characteristics of cellulose acetate RO membranes.

Property Value for CA Membranes
Membrane Type Homogenous asymmetric

Salt Rejection (%) ~95 \
Silica Rejection (%) ~85

I Feed Pr_e_ssure (brackish membrane)

pH Range I 4-6

e ———

_ 220-440 Esi

Chlorine Tolerance

| TemEerature Tolerence l UP to 30°C _
I Surface (;harge Neutral ]

UP to1 ppm cc&tinuouslz

Biolog’cal Erowth I Metabolized mem_brane

Foulinﬂolerance Good__
Surface Roughness Smooth
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Table 4.2 Characteristics of polyamide composite RO membranes.

Property Value for PA Membranes
Membrane Type Homogenous asymmetric,
thin-film composite

Salt Rejection (%) ~98+

Silica Rejection (%) ~96+

pH Range 2-12*

Feed Pressure (brackish 145 - 400 psi

membrane)

Temperature Tolerence

Up to 45°C**

I Surface Charge

Negative (anionic)

Chlorine Tolerance

<0.02 ppm

Biological growth

Causes membrane fouling

Fouling Tolerance

Fair

| Surface Roughness

Rough

manufacturer.

* Broader range possible for cleaning. Check with membrane manufacturer.
** Higher temperature possible for “heat sanitisable” membranes. Check with
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TABLE 1.6  SWRO Products Lineup Released from Toray"

Type of Membrane Standard Use  High Permeability ~ High Pressure  Ultrahigh Pressure
Name of membrane TM820-370  TM820L-370 TM820H-370 SU820BCM
clement
Salt rejection, % 99.75 99.70 99.75 99.83
Product flow rate, 23 (6000) 34 (9000) 21 (5600) 23 (6000)
m’/day (gpd)
. Boron rejection, % 91-93 88-90 91-93 91-93
~  Membrane area, m* (ft%) 34 (370) 34 (370) 34 (370) 29 (320)
= Max. operating pressure, 6.9 (1000) 6.9 (1000) 8.3 (1200) 10.0 (1450)

MPa (psi)

“Testing conditions were: applied pressure, 800 psi (5.52MPa) for others; recovery ratio, 8%; feed solution:

32,000ppm, NaCl with 5.0mg/L boron for others; pH = 8; temperature, 25°C.
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TABLE 1.6 SWRO Products Lineup Released from Toray"

Type of Membrane Standard Use ~ High Permeability ~ High Pressure ~ Ultrahigh Pressure
Name of membrane TM820-370  TM820L-370 TM820H-370  SU820BCM

element
Salt rejection, % 99.75 99.70 99.75 99.83
Product flow rate, 23 (6000) 34 (9000) 21 (5600) 23 (6000)
~m’/day (gpd)
— Boron rejection, % 91-93 38-90 91-93 91-93
=~ Membrane area, m” (ft%)  34(370) 34 (370) 34 (370) 29 (320)
Max. operating pressure, 6.9 (1000) 6.9 (1000) 8.3 (1200) 10.0 (1450)
MPa (psi)

“Testing conditions were: applied pressure, 800 psi (5.52MPa) for others; recovery ratio, 8%; feed solution:
32,000ppm, NaCl with 5.0mg/L boron for others; pH = 8; temperature, 25°C.
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TABLE 1.8  Permeate Boron Concentration by a Single-Stage SWRO
Operation (Calculated)”

Permeate Boron Concentration (mg/L)

Boron Rejection Performance of Used
Membrane Element

Seawater
- (Temp., TDS conc., Boron conc.) 90% 95% (TM820A) 97% 99%
= Japan (25°C, 3.5%, Smg/L) .5 0.9 04 .2
Southeast Asia (32°C, 3.5%, Smg/L) 1.6 1.0 0.5 0.2
Middle East (38°C, 4.5%, Tmg/L) 3.0 2.0) .1 0.4

“Assumed conditions: Plant: 7 elements/vessel, 14 Imh; operation: 25°C, pH 8.0, 800 psi, 3.5 L/min, recovery
tatio 40%, after 3 years. Japanese law grade: <1.0mg/L, WHO guideline grade: <0.5mg/L.
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Figure 1.9 Water productivity of low-fouling RO compared with conventional RO.
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Desalination capability of cellulose acetate film demonstrated
Breton and Reid - 1959

____ Asymmetric cellulose acetate membrane developed
Loeb and Sourirajan - 1962

First practical spiral-wound module
General Atomics - 1963

First commercially successful hollow fiber module
Du Pont - 1967

Interfacial composite membrane develope
Cadotte - 1972 s

Low pressure nanofiltration membrane
widely available Fluid Systems,
Nitto Denko, FilmTec - 1986

| 1
1990 2000

1
1970

First commercial First fully aromatic thin

interfacial composite film composite (FT-30) Grace-Davison and
Riley at Fluid Systems Cadotte - 1978 Mobil install first large
Jiddah seawater plant hyperfiltration solvent
installed - 1975 separation plant

Beaumont Texas
refinery - 1998

Figure 5.1 Milestones in the development of reverse osmosis
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Figure 5. Conversion of Seawater TDS (mg/t) to Equivalent NaCl (mg/t)
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TABLE |

B-9 SEPARATION PERFORMANCE® ON
NICKEL PLATING RECOVERY

Concentration Concentration
in Feed in Product
lon (mg/{ asion) (mg/{ asion) % Rejection

N 4610 20 95.0
—|s0; 3,924 53 98.6
[} 2,580 270 89.5

*Feed pressure = 2,760 kPa (400 psig); feed temperature = 12°C;
conversion = 75%.



TABLE ii
SEPARATION OF ORGANIC ACIDS AND THEIR SALTS BY B-3 PERMEATORS®

Molecular Dissociation Feed Feed Percent
Compounds Weight \ Constant Concentration (mg/¢) pH Rejection

Formic Acid 46 1.77 x 1074 500 3.2 50

HCOOH
Sodium Formate 68 — 740 6.9 94
Acetic Acid 60 1.75 x 1073 500 3.7 40
CH;COOH
Sodium Acetate 82 — . 680 8.1 98
n-Butyric Acid 88 1.51 x 107° 500-2,000 2.8-4.2 70
CH,;CH,CH,COOH ,
Sodium Butyrate 110 - 2,500 7.0 98
Phenol 94 1.28 x 10710 500-2,000 7.0-9.0 55

CeHsOH

Sodium Phenolate 116 — 2,500 10.7 95

Pivalic Acid 102 8.91 x 10°© 500-2,000 4.0 98
(CH;);,C—COOH

Sodium Pivalate 124 —_

n-Caproic Acid 116 1.32 x 1073 500 4.2 87

2,400 8.1 99

CHe(CH,),COOH

Sodium Caproate 138 — 600 7.8 99

. Benzoic Acid 122 6.32 x 1075 500 3.7 83

C¢HsCOOH

Sodium Benzoate 144 — 590 8.1 99

Oxalic Acid 90 K, 6.5 x 1072 500-2,000 2.2 94
HOOC—COOH K,6.1 x 1075

Di-Sodium Oxalate 134 —_ 2,980 6.7 98

Adipic Acid 146 K, 3.7 x 1075 500-2,000 2.7-4.3
HOOC(CH,),COOH K, 3.87x10°° .

Di-Sodium Adipate 190 —_— 2,600 5.6-10 99

*Test conditions used were: Feed pressure = 2,760 kPa (400 psig); feed temperature = 20°C; conversion = 75%.
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TABLE VI
REJECTION OF SUBSTITUTED PHENOLS®®

Molecular Dissociation Feed Percent
Phenols Weight Constant pH Rejection
Phenol 94 1.28 x 1071 7-9 55
- 11 95
\ / OH
m-Cresol 108 9.8 x 10~ 7 74
H,C ' 11 94
Resorcinol 110 1.55 x 107 1° 4-7 63
HO 10 85
e
p-Nitrophenol 139 6.5 x 1078 6 56
= OZN@-OH
p-Chiorophenol 128 7.0 x 1071 7 51
p-Aminophenol 109 - 7 84

ol y-on

*Test conditlons used were: Feed pressure = 2,760 kPa (400 psig); feed temperature = 20°C; conversion = 75%.
PAll feed concentrations were 2,000 mg/¢.




- Figure 2. Effect of Molecular Weight on Rejection of Organic Acids

-

O Acetic Acid
X n-Butyric Acid
YV n-Caproic Acid

-
2
-

O
2,

o
o
BQ

90 100 110
Molecular Weight




.

TABLE 1l

SEPARATION OF CARBOHYDRATES AND GLYCOLS BY B-9 PERMEATORS?

Molecular
Compound Weight

Raffinose 504
C18H32016
Trisaccharide

Sucrose 342
C12H22041
Disaccharide

Sorbitol 182
05H1403
6-c polyol

Glucose 180

é CeH120¢
Monosaccharide
Arabinose 150
- CsH100s
5-c sugar
Glycerol 92
CH,OH-CHOH-CH,OH
3-c polyol
Ethylene Glycol ‘ 62
CH,OH-CH,OH
2-c polyol

PRejection based on total organic carbon analyses.

Feed

Concentration (mg/¢)

2,000

500-2,000

2,000

500-2,000

2,000

500-2,000

2,000

*Test conditions used were: Feed pressure = 2,760 kPa (400 psig); feed temperature = 20°C; conversion = 75%.

Percent
Rejection®

99.4

99.8

99.6

99.0

98.9

90.0

28.0




——

Figure 3. Effect of Molecular Weight on Rejection
for Carbohydrates and Glycols ,
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TABLE Ili
SEPARATION OF CARBOHYDRATES AND GLYCOLS BY B-9 PERMEATORS®

Molecular Feed
Compound Weight Concentration (mg/¢)

Raffinose 504 2,000
CigH32016
Trisaccharide

Sucrose 342 500-2,000
Ci2H2,04
Disaccharide

Sorbitol ‘ 2,000
CeH1406
6-c polyol

Glucose 500-2,000
CsH1206
Monosaccharide

Arabinose 2,000
CsH1005
5-c sugar

Glycerol 92 500-2,000
CH,0H-CHOH-CH,0H
3-c polyol |

Ethylene Glycol 62 2,000
CH,0H-CH,0H
2-c polyol

*Test conditions used were: Feed pressure = 2,760 kPa (400 psig); feed temperature = 20°C; conversion = 75%.
®Rejection based on total organic carbon analyses.

Percent
Rejection®

99.4
99.8
99.6
89.0

98.9




Figure 4. Effect of Molecular Weight on Rejection
for Straight Chain Alcohols
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TABLE IV
SEPARATION OF ALCOHOLS BY B-9 PERMEATORS?
Molecular Feed Percent
Alcohol Weight Concentration (mg/¢) Rejection

Methyl 32 500-2,000 0
CH;0H

Ethyl 46 500-2,000 28
CH3;CH,0OH

n-Propyl 60 500-2,000 62
CH;CH,CH,OH

n-Butyl 74 : 500-2,000 65
CH;(CH,),CH,OH

n-Amyl 88 500-2,000 68
CH3(CH_);CH,OH

= n-Hexyl 102 500 68
= CH3(CH,),CH,OH

iso-Propyl 60 500-2,000 75

iso-Butyl 74 500-2,000 95
(CH;),CHCH,OH

iso-Amyl 88 500 90
(CH;),CHCH,CH,0H

sec-Butyl ~ 74 2,000 77
CH;CH,CHOHCH;,

t-Butyl 74 500-2,000 96
(CH3);COH

*Test conditions used were: Feed pressure = 2,760 kPa (400 psig); feed temperature = 20°C; conversion = 75%.




Figure 5. Borate Rejection by B-9 Permeators
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Qfr Cr _ Ky, Ko _ Q-
Pretreated Permeate
Feedwater ()
Ce o
Concentrate
Q = Flow
C = Concentration
K, = Water mass transfer coefficient
Ks = Solute mass transfer coefficient
Schematic diagram of an RO membrane element
Mass balance for water flow:
— QL =), Q) (Eq 2-2)
—
Eead
] Where:
et Qs =— feedwater flow rate, units of volume per time, e.g., gpd
K, = permeate flow rate, units of volume per time, e.g., gpd
Q. = concentrate flow rate, units of volume per time, e.g., gpd

Mass balance for solute flux:

chf‘ = Q}JC[)+ QCCC

feedwater solute concentration, units of mass per volume, e.g., mg/L

Q
II

5 permeate solute concentration, units of mass per volume, e.g., mg/L

concentrate solute concentration., units of mass per volume, e.g., mg/L




L ol

= 100% — % —1)

; R, = product recovery rate (in %)
Qs
Q,

1 Q, = product water flow rate

R, =100% 2)

Q,+Q; ; Q; = feed water flow rate

; @, = concentrate flow rate

a1 (1) uaz (2) ; wiz i Q= Qo+ Q@ —i3

Mass Balance (3) ;

Qs = Q,C,+ QL. , C; =feed concentration
Qs = Q,C,+(Qs—-Q,)C, (s =permeate concentration
Qs = Q,C,+QL,~Q,C, ;= concentrate concentration

G=C _ &
C;,-Cc Q,
CI _ Qp

= Ry —4)

K




Product recovery rate:

Where:
R = decimal fraction of product water recovered from feedwater

~ §
-

"3

Water flux:

@

F, =K, (AP - An)= i (Eq 2-5)

water flux, units of flow rate per unit area, e.g., gpd/ft?

K,, = water mass transfer coefficient (see Eq 2-5), units of flux per pres-
sure, e.g., gpd/ft2/psi

AP = transmembrane pressure differential, units of pressure, e.g., psi

Am = transmembrane osmotic pressure differential, units of pressure, e.g., psi

effective membrane area

AP — An = net applied pressure (NAP).



Q= ("E"P a ﬂPpﬂmjﬁwg —{7.1}
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e 0,, = AX S X NDP —{7.2)

. A = watertransport coefficient(g/em?/s wza  gal/ft?/d/psi)

; NDP = net driving pressure %38 net driving force 984 mass transfer 1o flenu sy




* NDP A anwanansalunisiadasudnasiriutienoidiontiy
(semipermeable membrane) lns :

P = average feed osmotic pressure
f F, = permeate pressure
' P, = pressure drop across RO elements

/P, = osmotic pressure of permeate.




CF = 0.5°(1+1/(3-R))
—CP=n((-RIR
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AADLINNIS AN QU

fang : neeaiandeedressunitfaneali®afit %Recovery Rate = §5% =0.85
Feed Salinity = 2000 ppm TDS, Feed pressure= 13 bar (188.5 psi)
Permeate Salinity = 25 ppm TDS

Pressure drop across the system = 3.0 bar (45 psi)
AP = 3har -

Po= 13 bar —
TE]'E,I.z 2000 gpm
- L"J“*j e
. 2 (concentrate salinity)

Parmaatn

vinawnns AFS=0.5 Ef{1+1f{1-ﬁ}]
syl

gy 125077
~f1s 1000 AFS® 077 766667 %0.77

lf padueenliineie = o0 = 1000 =5.9 bar
w1 Average net driving pressure; NDP = P, —F, — P, — 0.5P,
= 13-5.9-1.0-(0.5x3.0) = 5.9 bar
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e

Dissolved solute flux:

B = B, )

s

Eq 2-6
=K[(9Lcc)_c]=9£g (Eqo)
S 2 y 24 A
Where:
Fg = solute flux, units of mass per time per area, e.g., 1b/ft%/d
K; = solute mass transfer coefficient (see Eq 2-6), units of length per time,
e.g., ft/d
C,, = concentration at the membrane surface

NOTE: The use of average feed-side solute concentration disregards concentra-
tion polarization and film theory effects.

Water mass transfer coefficient:

;S @p o
w T AAP-Anm) ANAP)

(Eq 2-7)

Solute mass transfer coefficient:



Concentration differential:

Equation 2-10 describes the effects of each of the five independent variables
(K, C,, K,,, AP, and R) on the permeate concentration:

Permeate concentration:

k.6,

K

C, =

(Eq 2-10)
K. AP+ An(




Ac ™ (12)

K. = membrane permeability coefficient for salt

membrane area

membrane thickness
AcC = salt concentration differential across membrane
i = temperature effect |

membrane flux decline effect
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0, = 80X K, —81)
(0, = thenasluatenfeshusiusy
= AR A I MR U B 54
| .:: | d |
AVRINTLRINARENUAENLI % (e /5 9030 fitfs)

d do
= WNERE R T
AR THU e b 2 LT

Wit 0,,=B XS XAC —{8.)

» B = Salttransport coefficient




S
Qs = ACX K, —{(8.1)

: Qs = SrNTluaeunfeen UL

;AC = AMNLANANNTRY ANNE LU UTNLAR L AMUTBILLNLLITY
(K, = fndinsfuseandorhusaiwsu (em/s uis ft/s)

r g = Fuff TR LTy

5 d = AMNUWNTBINNILTY

uie . Qu=BXSXAC —8.2)

; B = Salttransport coefficient

= * anuananniniald (C,)

C, = Qs —{8.3)

. o = ' o =l ar ar o 5 |
Note: nMafiunNIssn@apTUEBLINILSY HAMNEIWUSNL AAAUNNIBIUETUEBINLILTUY
ar ' p-'] g ° Y e e i ar =] g )
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Permeate
CP

(92— SR =100%- SP SP=100% —= | —{81)

Com

; Salt passage (SP) = UTnnunfefthuasiusla vie Uinounfeuhanefinsedla
; Salinity of the permeate (C,) = Anudiduseanie ubiinse s
; Mean salt concentration in feed stream (€ ;,) = Anudiduseenieolneefe unerh o

; Salt rejection (SR) = Uinaanfefignisiusudnly

v v
L} | o

+Note: 5P uaz SR anznsaifuman Aadfisesdimndeinuh Seindiiiuiugul
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-Hecovery rate =15%
=

AN N9 I_ﬂﬂwﬁmﬁ (feed salinity) = 1500 ppm NaCl

anadindurasnfadinsadld (permeate salinity) = 4.5 ppm NaCl

Feed Permeate
C;=1500 ppm NaCl C.=4.5 ppm NacCl
C = AFS=1,632 ppm

L‘Ti“ﬂxﬂ’iﬂ"‘l Recovery rate ﬂ“ﬂ«ﬂi‘zuuﬁﬁﬁﬁﬁ

A=t AFS =05 C.(1+1/1-R)) = 0.5 (1500y(1+1/1-0.15)) =
Iz ezt C. =AFS=1632 ppm

SP=100% (4 5/1632) = 0.258%

SR=100%-0.28% =99.72%

1632 ppm
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Q, = (PCF) (TCF) (MFRO)G: (2 '

Where:

(2, = permeator capacity at operating conditions
PCF = pressure correction factor -
| TCF = temperature correction factor
&| MFRC = membrane flux retention coefficient
Q; = initial permeator capacity at standard test condi-
tions




PCF = 0.00283 (P, — % — P, — w,b) (3)

Where:

feed pressure

bundle pressure drop

product pressure

average feed-brine osmotic pressure in the
permeator

/
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S
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2
o
oy
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2
a

1380 2070
(200) (300)

Net Operating Pressure, (P,—P.), kPa (psig)




Where:
Q. = permeator flow rate at time ({)
Q.i = permeator flow rate at initial startup.

e For T> 5 degrees C,

== MFRC3_5 years = 1 0970001 A(1.075) T
| o For T=< 25 degrees C,
MFRC 35 years = 1 024~0-001 P(1.035) T

Where:
P = pressure, psig
T = temperature, degrees C




Figure 1. Permeator Productivity vs. Time

N

e For T> 25 degrees C,
MFRC3-5 years = 1 097-0:001 P(1.075) 7

e For T =< 25 degrees C,
MFRCg_s years — 1.024-0.001 P(1.035)

T

Where:
P = pressure, psig
T = temperature, degrees C
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Temperature » Viscosity » Permeability
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TCF = -7 _ 103729
Ques
Where:
Q.1 = permeator flow rate at temperature (7),
Q.25 = permeator flow rate at 25 degrees C.
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(c) 3.5% NaCl, 1000 psi
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TCF = -7 _ 103729
Ques
Where:
Q.1 = permeator flow rate at temperature (7),
Q.25 = permeator flow rate at 25 degrees C.
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Temperature Correction Factors for RO Membrane Systems

Permeate Flow < Correction Factor = Permeate Flow @ 77 °F

Factor
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1.00
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.93
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@t =28°C; TCF = 1/exp(2700(1/273+28)-1/298) =0.914 = TCF,

@t =15°C; TCF = 1/exp(2700(1/273+15)-1/298) = 1.370 = TCF,

T = 75x 28 = 112 bar e 1624 psi
TFC, 0.514

-
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W848 NDP a TCF

i

¢ NDP. TCF.
J1U =

S )

NDP, TCF,

wishe TCF = 1/exp(C(1/273+8-1/298)

@t =28°C; TCF = 1/exp(2700(1/273+28)-1/298) =0.914 = TCF,

@t =15°C; TCF = 1/exp(2700(1/273+15)-1/298) = 1.370 = TCF,

T = 75x 28 = 112 bar e 1624 psi
TFC, 0.514

-

Q1N (%) ; azé NDP, = NDP,
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TCF = -7 _ 103729
Ques
Where:
Q.1 = permeator flow rate at temperature (7),
Q.25 = permeator flow rate at 25 degrees C.
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TEMPERATURE EFFECT ON MEMBRANE PERFORMANCE
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Temperature Correction Factors for RO Membrane Systems

Permeate Flow < Correction Factor = Permeate Flow @ 77 °F

Factor
1.22
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1.16
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1.00
Q.99
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L Averagepermeate flux (APE)

permeate flow Qy

APF = =
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; Q, = permeate flow rate = ERNM ML RENUNIILIY
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SpEGific. permeability of membrane
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* Specific permeability of a membrane %59 specific flux (SP)
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; SP = Specific fluxrate ( )
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FIG. 11.11  Relation of concentration polarization factor (CPF) to membrane element
recovery rate (R.).
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Figure 1-10  Membrane pressure vessel with eight elements
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First Membrane Element
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Courtesy of Toyobo, Co., LTD.
Figure 1-11 Hollow fiber membrane module
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FIG. 13.1 Configuration of sideport pressure vessel with membrane elements
(courtesy of Bell Industries).
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FIG. 12.15 Schematics of configuration and hydraulic operation of a pressure vessel
(courtesy R. Chmielewski—SPI).
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Optiflux stack Dinxperlo Concentrate Permeate
J 20 m¥h 40 + 40 =80 m3¥h

Feed 50 m3h + 50 m3/h =100 m3h per stack  R.CM. Jong, Vitens Optifiux




.

TABLE 16.5
Recommended flow velocity in manifold piping.

Material type Flow velocity, m/sec (ft/sec)

- Stainless stecl 2.5-3.5 (8-12)

~ PVC, schedule 80 1.5-2.0 (5-7)

PV, schedule 40 1.0-1.5 (3-5)
& FRP (GRP) 15-2.0 (5-7)
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Feedwater flow rate
Permeate flow rate
Concentrate flow rate

Q; =
Qp
Qe
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Flow diagram of a two stage RO system
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Flow diagram of a single stage RO unit with concentrate recirculation
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Flow diagram of a two stage RO system
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Flow diagram of a two stage RO system with permeate throttling
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Flow diagram of a two stage RO system with permeate throttling
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Flow diagram of a two stage RO system with interstage pump







Flow diagram of a partial two pass RO system
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FIG. 13.12  Configuration of a two pass RO unit.



R1 = 100*80/100 = 80%
R2 = 100*72/80 = 90%
Rt = 100*72/92 = 78.2%

FIG. 13.13  Recovery rate in a two pass unit.



R1 =100 * 80/100 = 80%
R2 = 100 * 45/50 = 90%
Rt =100 * 75/95 = 78.9%

FIG. 13.14 Recovery rate in a partial two pass unit.
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FIG. 13.15  Configuration of two pass system with processing of combined permeate
from the 1st pass RO unit.
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FIG. 13.16  Configuration of two pass system with processing of low salinity
permeate (1st stage) from the 1st pass RO unit.



Example of permeate salinity and salt passage in a two pass RO unit.

Constituent

Feed
concentration,
Ppm

Permeate
concentration
pass 1, ppm

Permeate
concentration

pass 2, ppm

Salt Salt
passage,  passage,
pass 1, % pass 2, %

Conductivity 1120

Alkalinity
Sulfate
Chloride
Calcium
Magnesium
Sodium
Potassium
Silica
Ammonia

TOC

150
1638
123

38
17

15
25
30
10

2.5
ND
ND
1.8
ND
ND
0.2
ND
ND
0.2
0.2

2.8 8.0
7.3

1.8
0.05
0.05
2.4
2.0
0.1
6.7
3.0
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Hydranautics Design Limits.

The Following System Design Limits should be observed when designing a
Reverse Osmosis system.

Average flux rates and expected % decrease in flux per year:

Water Type SDI Flux % Flux Declinel/year
Surface water (SDI1 2 -4) 8 - 14 GFD 7.3-99
Well water (SDI < 2) 14 - 18 GFD 44 -73
RO Permeate (SDI < 1) 20 - 30 GFD 23-44

Expected % Salt Passage Increase per year:

MembraneType Abbreviation % SP Increase/year
Cellulosic membrane CAB1, CAB2, CAB3 17 - 33
Composite Membrane
Brackish, Low Pressure ESPA1, ESPA2, ESPA3 3 -—-17
Brackish, High Rejection CPA2, CPA3, CPA4 3-—-17
Low Fouling LFC1, LFC2 3-—-17
Seawater SWC1, SWC2, SWC3 3-—-17
Softening, PolyVinyl Deriv. PVD1, ESNA1, ESNA2 3 -—-17

Maximum Feed Flow and Minimum Concentrate Flow Rates per Vessel:

mmmmmmwmmwmmﬂ

4 3.6 0.7
6 30 8.8 7 1.6
8 75 17.0 7 2.7
8.5 85 193 14 3.2




Hydranautics Design Limits.

Saturation Limits for Sparingly Soluble Salts in the Concentrate:

Salt Saturation %
CaSO0y 230
SrS04 800
BaSO, 6000
SIO; 100

Limits of Saturation Indices:

Condition* LS| Value
S| and SDSI without scale inhibitor <-0.2
| S| & SDSI with SHMP < S
| S| & SDSI with organic scale inhibitor < 1.8

* Langelier and Stiff & Davis Saturation Indices
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Table 2-7 Common scales and other inorganic foulants and methods for controlling them

Method of Control

Species

Primary

Secondary

Calecium carbonate (CaCO3)
Calcium sulfate (CaSOy)
Barium sulfate (BaSOy)
Strontium sulfate (SrSOy)

Calcium fluoride (CaFy)

Calcium phosphate (CaPOy)

Silica (SiOg)

Ferric hydroxide [Fe(OH)3)

Aluminum hydroxide [AI(OH)s]

Sulfur (S)
(from hydrogen sulfide)

Mineral acid
Threshold inhibitor

Threshold inhibitor
Soften

Threshold inhibitor
Soften

Threshold inhibitor
Soften

Threshold inhibitor
Soften

Mineral acid
Threshold inhibitor

Threshold inhibitor
Limit recovery

Precipitation and filtration
Chelating agent

Precipitation and filtration at pH of
minimum solubility
Chelating agent

Exclude air and other oxidants
prior to membranes

Soften
Limit recovery
Limit recovery

Limit recovery

Limit recovery

Limit recovery

Raise pH to greater than 8.5
(if carbonate scale is not an
i8sue) or increase temperature

Soften




Table 2-6  Common limiting salts

#
Solubility Product of Salt,

Salt pKep at 25°C

~ Calcium carbonate (CaCO3) 8.30

~~  Calcium fluoride (CaF 9) 8.27

= Calcium phosphate (CaPOy) 25.00
Calcium sulfate (CaSOy) 4.70
Barium sulfate (BaSOy) 9,70
Strontium sulfate (SrSOy) 6.20

Silica (Si0g) 2.70




[ — —

S el
Table 2-8 Example of an ionic strength calculation
L e R S
Assumed Number of
Concentration,  Milligrams per

Species mg/L Mole m; z? m;z°

Calcium (Ca*") 409 40,000 0.0102 4 0.0408

Magnesium (Mg®*) 169 24,300 0.00695 4 0.0278

Sodium (Na*) 314 23,000 0.0137 1 0.0137

Bicarbonate (HCOg") 150 61,000 0.00246 1 0.00246
— | Sulfate (80,*) 1,510 96,100 0.0157 4 0.0628
Chloride (CI7) 500 35,500 0.0141 1 0.0141

.

.L.\.

2

Y mz; =0.1617

)

1 2
I'=3)mz = 0.0808

*Determined by dividing the value in column 2 by the value in column 3.




Membrane: Thin-film composite spiral wound
Recovery: 80 percent

Location: Sanibel, Fla.
RO Feed: 3,700 mg/L TDS

Scaling Potential:

LSk +2.0

Strontium Sulfate: 156 percent of Saturation
Barium Sulfate: 226 percent of Saturation

Antiscalant Dose: 3 mg/L

=x
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Product Water Flux, gom
@
§

Product Water Flow, gom

7
6 -
5 T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2
Time, thousands of hours
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Scale inhibition study, Sanibel, Fla.

Salt Passage, %

Differential Pressure, psi

Scale

100

Membrane: Hollow Fiber
Recovery: 57 percent

Venice, Fla.
2,600 mg/L TDS

Location:
RO feed:

Scaling Potential:

LSt +1.3

Calcium Sulfate : 157 percent of Saturation
Strontium Sulfate : 271 percent of Saturation
Barium Sulfate : 1,816 percent of Saturation

Antiscalant Dose: 5 mg/L

0 0.2 04 06 = 08 1 1.2 1.4

Time, thousands of hours

O aNWAMNONDOO
1

0 0.2 0.4 06 = 08 1 1.2 1.4

Time, thousands of hours

0 0.2 0.4 0.6 0.8 1 12 1.4

Time, thousands of hours

inhibition study, Venice, Fla.
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Table 3-12 Reference design parameters
Parameter Value or Type
Water supply source Groundwater Seawater
Raw water TDS, mg/L 2,000 35,000
Permeate TDS, mg/L 70 185
Permeate quantity per train, mgd 2.5 2.5

- | Finished water quantity, mgd 10.0 10.0

| Finished water TDS, mg/L 90 190

Number of trains 4 4
Pressure vessel staging (total per train) 44:21 (65) 97

Number of membranes (total per train) 455 679

Table continued next page.
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Energy required to desalinate seawater

 Theoretical minimum: ~ 1 kWh/m?3
« Simple distillation (theoretical): ~ 627 kWh/m?

_ + Thermal desalination
(Large MED, MSF & VC): 6 - 16 kWh/m?3

t « Typical RO: 3 - 8 kWh/m?
» Best practice RO:




Brackish Groundwater RO Reference Plant

- Chemicals—17%
:] Power—46%
B cartridge Filters—1%

- Membrane Replacements—6%
f___u] Other Materials—5%

Seawater RO Reference Plant

U Labor—12%

tasati ]

- Chemicals—8%
" | Power—70%
B cartridge Filters—1%

- Membrane Replacements—6%
f:l Other Materials—3%

O&M cost breakdown for reference plants (assumes relative costs in 2004)
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Cost USS$/m3

Figure 3.20 Seawater desalination cost reduction during last 20 years. (Taken from papers in
Semiat et al., 2004.)




-

TABLE 3.6 Product Water Cost Components of 200,000 m”/day SWRO Plant

Product Water Cost Component USS$/m’
Capital cost, including land (25 years @ 6.0% nterest) 0.203-0.338
Electric power (50.060/kWh) 0.180-0.240
RO membrane replacement (5 years membrane life) 0.025-0.035
= MF membrane replacement (7 years membrane life) 0.019-0.030
= Chemicals 0.020-0.025
Maintenance and spare parts 0.023-0.038
Labor 0.030-0.044

Total product water cost 0.50-0.73




TABLE 3.7 O&M Cost Breakdown for Ashkelon Seawater Desalination Project

0&M Cost Component First 5 Years (%) Subsequent Years (%)
Chemicals 25 22
Membranes 19 24
Maintenance 23 33
Labor 2) 16
Other costs \ )
Total 0.110 0.174

In US$ 2002 per m’ In USS$ 2002 per m’

Source: (Velter, 2004).




TABLE 1.3 Typical Performance of Toray’s Brackish Water RO Elements

Ultralow Super-ultralow
Low Pressure Pressure Pressure
Type of Membrane l Il [ [V
Name of membrane element SU-720  SU-T20L SUL-G20 SUL-H20)
(in market: year) (1987) (1988) (1996) (1999)
~ Performance
3 Salt rejection (%) 99.4 99.) 99.4 99.4
Water permeability (m*/day) 26.0 22,0 26.0 26.0
Test condition
Operating pressure (MPa) I 1.0 0.75 0.5
Temperature (°C) 25 25 25 25
Feed concentration (mg/L) 1500 1500 1500 1500

Brine flow rate (L /min) 80 80 80 80
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Horizontal radial collector well
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Figure 3-9 Off-shore intake structure, Larnaca, Cyprus
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Figure 3-9 Off-shore intake structure, Larnaca, Cyprus
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Figure 3.10 Fujairah seawater desalination plant schematic. (From Rovel, 2003.)
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SPGR. =

© Pump Moter Horsepower=

1 HP

© Pump Shaft Horsepower =

@ Hydraulic HorsepoWer = (Gj?M) (HEAD) (SPGR) -
3.960
Where |
GPM =, Pump flow rate in gallons per minute
EIEAD == Differential head in feet of water
. 1 feet = 0.433 psi1
Specific gravity of the~ fluid

Sea water = 1.02

Concentrate = 1.03

Hydraulic HP

Pump eff

Pump_ shaft HIP

Moteroft

0.7457 kKW.
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+ M5RAAMITIBNNDEN lyavodlans (Metal Oxide

A A4Add

v A .
» MIPAALILDNANT5DUNTY (Organic)

A A4Add

+ NIQARMIIDININYAUNTD (Microbioorganism)




Example of composition and concentration ranges of constituents in the municipal
tertiary effluent (membrane filtration effluent).

Parameter Units Concentration
Turbidity NTU 01.-0.5
pH 6.0-80
Conductivity S/cm 700-2000
00 mg/1 5-15
Ammonia mg/l 0-20

~ Chloride mg/l 60-380

. Nitrate mg/1 5-60

=~ Fluoride mg/l 0.5-2.0

Sulfate mg/l 50-110
Calcium mg/l 30-60
Sodium mg/l 90-350
Alkalinity (as CaCO,) mg/l 50-250
Silica (as Si0,) mg/l 7-10

Phosphate (as PO,) mg/l 1-15
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The Standard Test Method has been described in ASTM test D 4189-82.

47 mm diameter membrane filter support

47 mm diameter membrane filters (0.45 um pore size)

0-70 PSI (0-5 bar) pressure gauge

Pressure regulator (manual needle valve can be substituted)

Figure 1 shows the equipment arrangement needed to measure SDI. The above equipment
is available from Millipore Corporation.

Figure 1. Apparatus for measuring the silt density index (SDI)

TOGGLE or BALL VALVE

e
7y essne v

“— FILTER HOLDER

Silt Density Index
(SDI) Test Procedure




Evaluation of Results
Calculate the silt density index (SDI,)

1 -2 100
SDI, = 2+ 1
I fi T
8

% P, = percent at 30psi feed pressure
T  =total elapsed flow time, min (usually 15min.)
t = initial time required to collect 500mL of sample (in seconds)
t = time required to collect 500mL of sample after test time T (in seconds)

Expressing Results

The SDI should include a subscript indicating the total elapsed flow time (T) in minutes.
Also include the temperature before and after the test.




FiG. 15.4 SEM picture of a filter pad after SDI determination. SDI = 4.8.

FIG. 15.2  SEM picture of a clean filter pad (reference). Magnification X 2000. Magnification x 2000.

Silt Density index
SDI = 100*(1 - ty/t,s)/15

(15 min)

FIG. 15.3 SEM picture of a filter pad after SDI determination. SDI =2.2.
Magnification x 2000. FIG. 15.1 Schematic configuration of device for measurement of SDI,
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nan: Permasep Engineering Manual, Bulletin 504, pagel, date 12/1/82
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131901 3 M1 Solubility Product: K. vounaetiazmeninlaiouinayiia

asdsznou Solubility Produet : K_
CaSO, 7.10x10°
BaSO, 1.07x10™
SrS0, 3.44x10”
CaCO, 4.96x10°

CaF, 1.46x10"

30: Hand book of chemistry and physics, 70" edition, 1989-1990
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Calculation /8/

Prediction of BaSOs scaling potential is performed in the same way as the previously

described procedure for CaSQOs.

1. Calculate the ionic strength of the concentrate stream (/) following the procedure
described in Scaling Calculation General (Section 2.4.1):

1
I =11—— Eq.5
c f(l_YJ q

2. Calculate the ion product (IP;) for BaSOs in the concentrate stream:

e e

where:
(MBa?*)s = M Ba?* in feed, mol/L
(MS042-)= M SO42- in feed, mol/L

Compare IP. for BaSOs with the solubility product (Ksp) of BaSOs at the ionic strength of
the concentrate stream, Figure 2.7. If IP, = K, BaSO4 scaling can occur, and
adjustment is required.




The ionic strength of the feed water is:
[, =— Z m,z,°

where:

m; = molal concentration of ion 1 (mol/kg)
zi = 1onic charge of ion 1

~ 1,000 MW,

where:
¢; = concentration of ion 1in mg/L
MW, = molecular weight of 1on

here the reieoton 1 assumed to be 100%




Calculation example of the ionic strength of the concentrate (I.):

Feed Water Analysis
lon m mol/L mol/k
Ca** 200 50 x 103
Mg2* 61 251 x 103
Na* 388 169 x 103
HCOs 244 40 x 103
SO 480 50 x 103
Cl- 635 179 x 103

The 1onic strength Iy of the feed water is

I = %[{[Caz*‘] +[Mg2*1+[S04% ]) + &Na*] +[HCO; ]+ [cr])]

= % {4](5.0+2.51+5.0)x1073]+ [16.9+ 4.0 + 17.9)x10-3]}
I, =0.0444

With a recovery of, for example, 75% (Y = 0.75), the 1onic strength of the concentrate
becomes

fp = 0.0444(;)
1-0.75
I, =0.178



s» for BaSO, versus ionic strength

Barium Sulphate
Scale Prevention

S

o2 0.03

605 [ | 0.2




Strontium Sulphate Calculation /8
Scale Prevention Prediction of SrSQ; scaling potential is performed in the same way as the previously
described procedure for CaSOy:
1. Calculate the ionic strength of the concentrate stream (/) following the procedure
described in Scaling Calculation General (Section 2.4.1):

1
I=]|— Eq.5
¢ f[l—y] q

2. Calculate the ion product (IP) for SrSOy in the concentrate stream:

b P [P0}

where:
(MSr2¢),= M Sr2* in feed, mollL
(MSO2-), = M SO in feed, mol/L

. Compare IP. for SrSO with the solubility product (Ks) of StSO, at the ionic strength of
the concentrate stream, Figure 2.8. If IP; 2 0.8 Kgp, SrSO, scaling can occur, and
adjustment is required.
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Calcium Sulphate  For the determination of the calcium sulfate scaling potential, a complete feed water analysis
Scale Prevention is required.

Calculation /&
1. Calculate the ionic strength of the concentrate stream (/) following the procedure
described in Scaling Calculations General (Section 2.4.1):

:c-:,(ﬁ] Eq.5

2. Calculate the ion product (IP) for CaSOq in the concentrate stream:
1 2\ 1
P, Poa) o2 | o5

where:
(MCa2*);= M Ca®* in feed, mollL
(MSO4Z)= M SO in feed, mollL

. Compare IP, for CaSO, with the solubility product (Ky) of CaSO; at the ionic strength of
the concentrate stream, Figure 2.6. If IP¢ 2 K, CaSQ4 scaling can occur, and

adjustment is required. For a safe and conservative prefreatment design, adjustment
should be made if IP. > 0.8 K.
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c; é'l a 4'1 v (V) < 4 v c;v
MINN 4 saau‘lm‘lumsmmzw RO mm’]mnumsqmwmwamnawaMﬂnm

K, A9
inaosarln an@voideeuhniunGe (Brine) IPb
Tl Anti sealant 1 Anti sealant 10 mg/L
; CaS0, <08K, < 0.001 30 12K,
BaSO, <08K, S40K,
SrS0), <08K, S8 K,

1130: Hand book of chemustry and physics, 70" edition, 1989-1990
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Calcium Fluoride Fluoride levels in the feed water of as low as 0.1 mg/L can create a scaling potential if the
Scale Prevention calcium concentration is high. The calculation of the scaling potential is analogous to the
procedure described in Calcium Sulfate Scale Prevention (Section 2.4.3) for CaSO,.

Calculation
1. Calculate the ionic strength of the concentrate stream (/) following the procedure
described in Scaling Calculation, General (Section 2.4.1):

1
I =1,|——
‘ ’(I—Y)

2. Calculate the ion product (IP.) for CaF, in the concentrate stream:

e

where:
(MCa?*);= M Ca?* in feed, mol/L
(MF-);= M F- in feed, mol/L

. Compare IP. for CaF with the solubility product (Ks,) of CaF; at the ionic strength of
the concentrate stream, Figure 2.9 /11/. If IP. 2 Ky, CaF; scaling can occur, and
adjustment is required.




Calcium Fluoride -
= Scale Prevention &5
= 3+




Figure 2-4 Calcium fluoride solubility product versus ionic strength
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Table 2.8 Low solubility phosphate compounds ~ ©alcium Phosphate

Scale Prevention

Compound Formula phsp
Brushite CaHP04-2H,0 6.68
Calcium phosphate Cay(POy)y 289

Octacalcium phosphate CaH(POu)3-3H:0 49
Hydroxyapatite Cas(P):0H o774
Fluoroapatte Cas(POu)sF 60
Magnesium ammonium phosphate MgNH:PO, 126
Aluminum phosphate AIPO: 2

Iron phosphate FePOs 19




Calcium Phosphate
Scale Prevention
SI - pHg - pHc

Where:
pH, = actual pH of a feed water
pH, = critical pH calculated by the following experimental equation:

_ 11.755-log(CaH) - log[PO, ) 2ogt

PH;

= 065

—

= Where

CaH = Galcium hardness as ppm CaC0;
PO, = Phosphate concentration as ppm PO,
= Temperature as °C

o
a—
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Figure 2.12 Critical phosphate concentration under various pH at 25°C
100000

Figure 2.12 shows the effect of critical phosphate concentrations of Cas(PQs), scaling on

feed calcium hardness and pH based on the equation.
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Figure 3. Effect of Feed pH on HCO; Passage for B-10 Permeator . -
: P P Figure 4. Effect of Feed pH on F~ Passage for B-10 Permeators
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- Calcium Carbonate Scale Prevention

For brackish waters with TDS < 10,000 mg/L in the concentrate stream, the Langelier
Saturation Index (LSI) is used to express the scaling potential for calcium carbonate /6.

Brackish Water

The following data are needed to calculate the LSI of the concentrate stream (LSI.):

Ca; = Calcium concentration in feed as CaCO;, mg/L

TDS; = Concentration of total dissolved solids in the feed, mg/L

Ak, = Alkalinity in feed as CaCO;, mg/L

pHr = pH of the feed solution

T = Temperature of the feed solution

Y = Recovery of the reverse osmosis system, expressed as a decimal

Calculations

: 1. Calculate the calcium concentration in the concentrate stream, Ca., as CaCO; in mg/L:
- 1

Ca. =Ca,l —— Eq.6

a; af( 1-Y ) q

2. Calculate the total dissolved solids in the concentrate stream, TDS, in mg/L:

DS, = TDS f(L) Eq.7
1-¥

3. Calculate the alkalinity in the concentrate stream, Alk., as CaCO; in mg/L:

Ak, = Alk,(ﬁ) Eq.8




. Calculate the free carbon dioxide content (C) in the concentrate stream by assuming
that the CO, concentration in the concentrate is equal to the CO, concentration in the
feed: C, = Cy. The concentration of free carbon dioxide in the feed solution is obtained
from Figure 2.2 as a function of the alkalinity and the pH of the feed solution.

. Calculate the pH of the concentrate stream (pH.) using the ratio of alkalinity Alk. to free
CO; in the concentrate,  Figure 2.2.

. From Figure 2.3 obtain: pCa as a function of Ca,, pAlk as a function of Alk,, “C" as a
function of TDS, and temperature (temperature of the concentrate is assumed equal to
temperature of the feed solution).

. Calculate pH at which the concentrate stream is saturated with CaCOs (pHs) as follows:
pH, =pCa + pAlk+"C" Eq. 9

. Calculate the Langelier Saturation Index of the concentrate (LS,) as follows:
LS|, =pH, - pH, Eq. 10
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Table 3.6 Langelier saturation index.
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Figure 5.5 Langeleir Saturation Index (LSI) as a function of module position
and recovery for a two-stage, 75%-recovery RO system. Assumes feed water
conditions: 200 ppm calcium, 150 ppm bicarbonate, and pH =7.0.
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~ Calcium Carbonate Scale Prevention

Seawater For high-salinity brackish waters with TDS > 10,000 mg/L in the concentrate stream and for
seawaters, the Stiff & Davis Stability Index (S&DSI) is used to express the scaling potential
for calcium carbonate. The data needed to calculate the S&DSI of the concentrate stream
are the same as the data needed to calculate the LSI. Additionally, the molal concentrations
of all ions in the feed solution are required, at least of all major ions (i.e., Ca?*, Mg?*, Na-,
K*, HCO5-, SOs%-, and Cl-).

Calculations /7/
1. Calculate the calcium concentration in the concentrate stream, Ca,, as CaCO; in mg/L:

Ca, =Ca, ﬁ Eq.6

2. Calculate the alkalinity in the concentrate stream, Alk., as CaCO; in mg/L:

1
Alk, = Ak, —— Eq.8
= Ak — q

. Calculate the ionic strength of the feed stream (/y):
Eq.3

. Calculate the ionic strength of the concentrate stream (/,):

1
Ic = If('l—-_Y) Eq5




. From Figure 2.4, obtain pCa as a function of Ca. and pAlk as a function of Alk. From
Figure 2.5, obtain “K™ as a function of concentrate ionic strength and feed temperature.

. Calculate the pH at which the concentrate stream is saturated with CaCQ; (pHs) as

follows:
pH, =pCa + pAlk+"K"

. Calculate the free carbon dioxide content (C) in the concentrate stream by assuming
that the CO, concentration in the concentrate is equal to the CO;, concentration in the
feed: C, = Cs. The concentration of free carbon dioxide in the feed solution is obtained
from Figure 2.2 as a function of the alkalinity and the pH of the feed solution.

. Calculate the pH of the concentrate stream (pHc) using the ratio of alkalinity (from Eq.
8) to free CO; in the concentrate (from Step 7), Figure 2.2.

. Calculate the Stiff and Davis Stability Index of the concentrate (S&DSI;) as follows:
S&DSI, =pH, - pH,




T . .
_ Calcium Carbonate Scale Prevention

For an assumed pH (pHaqq), obtained from addition of acid to the feed solution, obtain
the ratio of Alkacia/Cacis from Figure 2.3. From this ratio, Alks, and C;, calculate the mg/L
of acid used (x). For example, for H,SO, addition (100%):
. Alk,.-1.02x
Alkacxd - S Eq 11
C C,+0.90x

acid

Calculate the total alkalinity of the acidified feed water (Alkscis) and the CO, content in
the acidified feed water (C.qq) as follows:

Alk,g, = Alk . —1.02x Eq. 12

acid

l\i

Cous =C, +0.90x Eq. 13

Using Alkacia and Cacia for the new pH, calculate the LSI..
If HCI (100%) is used for acidification, Eq. 11 is:

Alk,, Alk,-137y
Cus  C,+121y

Eq. 14

acid

where:
y = HCI (100%), mg/L
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TDS Constant “C™

Example RILIRB
. 0°C (32°F)}+— 2.9
Temp = 20°C \ | { IFl)
pH =76 ~— Tac@Erp 28
€Ca*~ =800mg'{ as 11 - ’il il
CaCO3 ———_,.’ ‘40;0 ‘(.56 IFI) 2.7
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~ Silica Scale
Prevention

The scaling potential of soluble silica (silicic acid) in the absence of trivalent metal cations
can be calculated as follows. The calculation requires the following data for the feed solution
(after acid addition, if acid is used for control of calcium carbonate):

¢ SiO; concentration
Temperature
pH
Total alkalinity

Calculation /16/
1. The SiO, concentration in the concentrate stream is calculated from the SiO;
concentration in the feed solution and the recovery of the reverse osmosis system:

S0, -Si0y( )

-

where:

SiO,. = silica concentration in concentrate as SiO,, mg/L

SiO = silica concentration in feed as SiO,, mg/L

Y = recovery of the reverse osmosis system, expressed as a decimal

Calculate the pH of the concentrate stream from the pH of the feed stream using the
procedure given in Calcium Carbonate Scale Prevention (Section 2.4.2).
* Trademark of The Dow Chemical Company Form No. 609-02022-1004




-&_ Silica Scale
Prevention (cont.)

3. From Figure 2.10, obtain the solubility of SiO, as a function of temperature (SiO,
temperature). The temperature of the concentrate is assumed equal to the temperature
of feed solution. If the temperature of the water is known to vary, use the minimum
temperature for calculations.

4. From Figure 2.11, obtain the pH correction factor for the concentrate pH calculated in
Step 2.

5. Calculate the solubility of SiO2 corrected for pH (SiOzcor) by multiplying the solubility of
SiO, obtained in Step 3 by the pH correction factor obtained in Step 4.

. Compare the silica concentration in the concentrate (SiO,.) obtained in Step 1 with the
silica solubility (SiOxcr) Obtained in Step 5. Once a reverse osmosis system is
operating, the scaling potential of SiO, can be directly calculated from the analysis of
the concentrate stream and compared with the projected scaling potential calculated
above. If SiO, is greater than SiOxcon, Silica scaling can occur and adjustment is

required.
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Chemicals
- CaCO3
Hydrochloric Acid’
(HCIl)(pH 4.0) X
2.0 wt. % Citric Acid +
NH,OH (pH 4.0) X
5 wt. % Nutek NT-600 X

2 wt. % Citric Acid +
NH;OH (pH 8)

1.5 wt. % Na,EDTA® +
NaOH (pH 7-8)
or 1.5 wt. %
Na,EDTA + HCI (pH 7-8)

1.0 wt. % Na Hydro-
sulfite (Na;S;0,)

NaOH (pH 11.0)?

2.0 wt. % Citric Acid +

2.0 wt. % NaEDTA +
NH,OH (pH 4.0) X

0.5 wt. % “Biz’*
(with phosphate)
+ NaOH (pH 11.0)

1 wt. % Drewsperse 738
1 wt. % NaHMP

1/4-2 wt. % Formaldehyde
followed by 0.25
wt. % “Biz”
(with phosphate)

HAWN -

. EDTA is ethylenediaminetetracetic acid.

TABLE |

CHEMICAL CLEANING AGENTS

Foulants
03804
BaSO,
SrS0O, Metal Inorganic
CaF, SiO, Oxides Colloids
X
X X
X
X
X X
X X
X
X X
X
X X

. A lower pH may be more effective. If pH is <4.0 the low pH Guideline must be followed.
. A higher pH may be more effective. If pH is >11.0 the high pH Guideline must be followed.

. “Biz"” is a detergent sold by Procter and Gamble, U.S.A.

Biological
Matter Organics
X
X
X
X




Fighre 1. Equipment for Cleaning, Sterilization and Posttreatment
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Low Pressure l
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X Water to
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grqlvil?e Cooiing
I = Sk
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Drain and ol Ovare
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: (35°C Max.)
E Temp.
3 Ind.
™~
Cleaning Solution Pressure Gauge
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Bank Mix Tank

Flow Meter

?:I;midge Cleaning aD rgins |
n ampie
Filter Pump 5







Hydranautics Design Limits.

Saturation Limits for Sparingly Soluble Salts in the Concentrate:

Salt Saturation %
CaSO0y 230
SrS04 800
BaSO, 6000
SIO; 100

Limits of Saturation Indices:

Condition* LS| Value
S| and SDSI without scale inhibitor <-0.2
| S| & SDSI with SHMP < S
| S| & SDSI with organic scale inhibitor < 1.8

* Langelier and Stiff & Davis Saturation Indices
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Table 3.5 Generally-accepted water quality
guidelines to minimize RO membrane scaling.

Measure Value

Silica (Soluble) 200*

s | o

* In RO reject stream
**Can go up to 2.0 - 2.5 with appropriate antiscalant

x{; \%l.
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Table 7.1 Generally-accepted water quality guidelines for RO influent

and concentrate waters.

Species Units Guideline
Value/Range

Colloids SDI (unit-less) < S*
Suspended Solids | NTU <1
Calcium Carbonate I LSl 1 it | e

' Metals: iron, manganese, aluminum [ Ppm l < 0.05

I Barium, Strontium Ppm l < 0.05
Hydrogen Sulfide Ppm P < 0.1
Microbes CFU/ml < 1,000°* I

| Silica (soluble) I ppm 140 — 200"

| Organics (roo ppm <3 I
Color APHA I =3

I Chemical Oxygen Demand (COD) Ppm l < 10

l pPH—CA Membranes PH units I 4 -6 J|
pH—PA Membranes r pH units > B b i
Chlorine, free—CA Membranes L PpPmM I - 1

| Chlorine, free—PA Membranes Ppm < 0.02 !
Temperature—CA Membranes = < 30

l Temperature—PA Membranes 2 & < 45

* Silt density index (see Chapter 3.8)
*+Can be up to 2.0 — 2.5 depending of the type of antiscalant used
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Table 8.1 Mechanical RO pretreatment techniques and species that these

techniques address.
Mechanical P;;treatment- - gl;ecies Addressed
Clarification Suspended solids, Colloids,
Organics, Color, SDI
Multimedia Filtration Turbidity, Suspended solids down to
2 - 10 microns, SDI
High-Efficiency Filtration Suspended solids down to 0.25 I
microns
Carbon Filters Total organic carbon, Chlorine 4
Iron Filters Iron, Manganese, Hydrogen sulfide
Sodium Softeners T Hardness, Soluae iron
tU—V Radiation Organics, Microbes |
Membrane Microbes, Algae, Color |




Table 3.2 General rejection capabilities of
most polyamide composite membranes at
OO ternperatune.

Species Rejectiom (%)

Seocd invarm

9D — 98

Calciwurm

DI — O,

Magnesiurm

FPotassivrm

Iromn

Manganese

Advurmimuarm

Aommeoniurm™

Copper

MNickel

Zaire

Silwver

Mercury

Hardness

Chloride

—— e ——

ls|sl2sls|s|elalele]s]:

Bicarbonate

Sulfatve

Fluoride

Silicate

Phosphate

Bromide

Borate

Chromate

HHHHH?HHHHH

|
S18[8[R]10(0(8]98

Cyanide

) — G

= below pH 7.8. Abowve this pl, ammmonia exists
as a gas that is mnot rejected by RO membramnes.




Low salinity

membrane, %
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AG. Calculated rejection of boron species vs. feed water pH and salinity at 25°C.
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FIG. Distribution of boron species in seawater vs. feed water pH and
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Quantity of sulfuric acid required to maintain concentrate pH below the threshold
value of saturation index of calcium phosphate.

Recovery rate, % 75 80 b
Required concentrate pH 10 6.7 6.3
-~ Required feed pH 6.2 39 AR

"
—

= Dosingraeof HS0, pom(100%) 173 219 260

Contribution to product water cost 0.087 0.109 0.130
Sm? at sulfuric acid cost of $300
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Ksp or concentrations [imit of scale forming compounds common to RO.

Compound Formula Ksp or concentration limit, (ppm)
Caleium sulfate (80, 2510
Barium Sulfate BaSO, 20x 1071

— Tricalcium Phosphate Ca,(P0),  28x10¥
~= Calcium Phosphate Dihydrate - CaHPO,X2H,0 2.2 107
} Calcium Cabonate i€, LS1<0, S&DSI <0
Reactive Silica H,SI0, (120-160 ppm)




2CO,+ Ca(OH), = Ca(HCO,),

C02+CaCO3 +H,0 = Ca(HCO,),
CO,+ N aOH = NaHCOj,
COF Na,CO, + H,0 = 2NaHCO,







.

-O-.-./-.-.-I-.-.-.-.-l1
Optional well _.O I
water blending e i

- - D M ;
| i
|

F1G. 16.15  Schematic diagram of treatment of permeate from brackish RO or
wastewater reclamation unit.
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FIG. 16.16 Schematic diagram forced air degasifier for CO, removal.
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SP, = SP, X (1 + SPD*Y

Projected membrane performance
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FIG. 15.6  Projected changes of salt passage and water permeability over time.
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FG. 157 Feed water pressure as function of fouling rate. Feed salinity 1000 ppm
TDS, recovery rate 85% and permeate flux 19 Vm?/hr.
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FIG. 5.9 Combined permeate salinity vs. element position in a pressure vessel.
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G- S5_.10 Flux dismribution from individual elements vs. element position in a
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17.2 Cumulative permeate flow in pressure vessel as a function of relative flow
directions.
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17.3 Cumulative conductivity profile in pressure vessel as a function of relative
flow directions. s
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