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Reverse Osmosis Treatment (RO)
1. Principles of Reverse Osmosis

A. Osmosis:
Osmosis  is the natural passage or diffusion of a solvent such as 
water through a semi-permeable membrane from a week solution 
to a stronger solution. This natural phenomena is explained in 
many ways as follows:

§ The movement is due to the difference in the vapor pressure of 
the two solutions separated by the membrane. The vapor pressure 
of the pure solvent is higher than that of the solution with 
dissolved solids. Thus the solvent moves from the higher pressure 
to the lower pressure side. 

§ Others say that the solvent moves from the less concentrated 
(higher-potential) solution to the more concentrated (lower-
potential) one to reduce the solution concentration. 
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Reverse Osmosis Treatment (RO)

§ The solvent continues to move and water rises in the concentrated 
solution side to a level with a  hydrostatic pressure ( Δπ ) equivalent 
to the difference in vapor pressure of two solutions. At this level the 
system is said to be at equilibrium.
§ ( Δπ ) is called the Osmotic Pressure. Osmotic pressure is the 
driving force for osmosis to occur. The osmotic pressure of a 
solvent depends on many factors such as the characteristics of the 
solvent, the dissolved solids concentration, and temperature.
§The osmotic pressure of any solution can be approximated by the 
following equation:

Where,  c = summation of the molar concentration of the dissolved ions
R = Universal gas constant
T = Temperature in degrees Kelvin.

Figures 5.1 and 5.2 describe this phenomena.

cRT=π
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Osmosis
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Reverse Osmosis Treatment (RO)
B. Reverse Osmosis (RO):
§ Reverse Osmosis  is the forced passage of  a solvent (e.g. water) 

through a  membrane against the natural osmotic  pressure to 
accomplish  separation of the solvent from a solution of dissolved 
solids. 

§ If a pressure equal to the Osmotic pressure ( Δπ ) is applied to 
the side of higher salt content, the water flow from lower to 
higher salt concentration will stop. If an additional pressure is 
exerted the water flow will be reversed and to the direction from 
high to low salt concentration producing fresh water.

§ The membrane allow the passage of the solvent while blocking 
the passage of salt ions. The salt ions or the dissolved matter are 
called Solutes. However, some salts move with water since each 
membrane has  a rejection efficiency that is less than 100%.

§ Figures 5.3 and 5.4 illustrate the RO process .
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Reverse Osmosis Treatment (RO)
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Example 5.1
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2. Mathematical model
§ Many mathematical models have been developed to describe the 
membrane systems including RO.

§ These models describe the solvent (e.g. water) flux and the 
solute flux (i.e. dissolved salts) through membrane.

§ Figure 5.5 is a definition sketch of the membrane system. 

§ The following pages give the most common model used to 
describe the membrane treatment system.

Reverse Osmosis Treatment (RO)

PDF created with pdfFactory Pro trial version www.pdffactory.com

http://www.pdffactory.com


12
Fig. 5.5 Definition sketch for a membrane process such as RO
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Reverse Osmosis Treatment (RO)
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Reverse Osmosis Treatment (RO)
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Solute flux through the membrane :
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Reverse Osmosis Treatment (RO)

3. Rejection efficiency of RO treatment

§ Table 5.1 shows the rejection efficiency of two different
RO membranes for various dissolved salts, organic matter and microorganisms.

§ It is noticed that RO has a very high efficiency of inorganic chemicals. 
§ However, it also has a very high efficiency in removing dissolved organic 

matter as shown in the table 90-99%, but it is preferred to remove these 
materials using other methods such as carbon adsorption. This is due to the 
fouling nature of organic matter.

§ RO is capable of removing more than 99% of microorganisms.
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RO Contaminant Rejection efficiency

90-95%85-90%Chromate93-98%90-95%Magnesium

93-98%90-95%Phosphate93-98%90-95%Calcium

90-9585-90%Fluoride90-95%85-90%Sodium

0-99%0-90%Organics MW<30085-90%40-50%Nitrate

>99%>90%Organics MW>30090-95%85-90%Bicarbonate

Organics90-95%85-95%Chloride

>99%>99%Sediment/Turbidity93-98%90-95%Lead

>99%>99%Asbestos93-98%90-95%Chromium

>99%>99%Giardia93-98%90-95%Barium

>99%>99%Amoebic Cysts93-98%90-95%Mercury

>99%>99%Protozoa93-98%90-95%Silver

>99%>99%Bacteria93-98%90-95%Cadmium

Biological&Particles93-98%90-95%Strontium

93-98%90-95%Radioactivity93-98%90-95%Zinc

93-98%90-95%Selenium93-98%90-95%Nickel

93-98%85-90%Arsenic+593-98%90-95%Copper

70-80%60-70%Arsenic+393-98%90-95%Aluminum

55-60%30-40%Boron93-98%90-95%Manganese

93-98%90-95Sulfate93-98%90-95%Iron

90-95%85-90%Cyanide90-95%85-90%Potassium

TFC RejectionCTA 
Rejection

inorganicTFC RejectionCTA RejectionInorganics

CTA- Cellulose Membrane  ,  TFC- Thin Film Composite,   All rejections nominal for 60 psi net pressure  and at 77oF

Table 5.1
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Reverse Osmosis Treatment (RO)

Example 5.2
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Example:5.2..cont’d

Reverse Osmosis Treatment (RO)
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Reverse Osmosis Treatment (RO)

Example 5.3
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Example 5.3.. Cont’d

Reverse Osmosis Treatment (RO)
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Reverse Osmosis Treatment (RO)

4. Checking the need for pretreatment:
§ As mentioned in the previous lecture, a very high quality feed water is required   

for efficient operation of  RO.
§ RO membrane may be fouled  by many  ways, such as colloidal 

mater, bacterial activity, iron and manganese, chlorine, scale for chemical 
precipitation such as calcium carbonate.

§Many parameters have been used to assess the need for pretreatment of feed   
water before the RO units. The most common indexes are the silt density index  
(SDI), and the modified fouling index (MFI).
§Fouling indexes are determined from simple membrane tests. The samples are 
passed through a 0.45µm Millipore filter at a gage pressure of 210 kPa . The time 
needed for the test varies between 15min-2hr depending on the fouling nature of 
the water. The same equipment is used for the two indexes. 
§ The equation of the SDI :
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Reverse Osmosis Treatment (RO)
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§ The equation of the MFI :

§Approximate values for fouling   
indexes:

Fouling   index
Membrane            SDI     MFI,s/L2

RO hollow fiber     0-2       0-2
RO spiral wound    0-3       0-2

§ see example 5.4
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Example 5.4

Reverse Osmosis Treatment (RO)
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Electrodialysis treatment (ED)

1. Principles of Electrodialysis:
• Electrodialysis is a membrane treatment method in which the driving force  

is electromotive force. This is the main difference between this technology 
and other technologies such as RO,MF,UF, and NF in which hydrostatic 
pressure is the driving force.

• In electrodialysis ionic components of a solution are separated through the 
use of a semipermeable ion-selective membranes.

• Figure 5.6 illustrates the configuration of a one cell stack electrodialysis 
unit.

• The cell has two membranes one is cation permeable and the other is anion 
permeable. The cell is placed inside the stack in addition to two electrodes 
are on is Anode(+) and one is Cathode (-).

• The water is introduced to the cell and to the Anode and Cathode
compartments.

• When a Direct Current  (DC) power supply is connected to the electrodes, a 
direct current passes through water between the electrodes. 

• Positively charged ions (cations) migrate towards the Cathode, and 
negatively charged ions (anions) migrate towards the  Anode.
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§ The cations can pass through the cation-permeable membranes but they are 
rejected by the anion-permeable membrane. 

§ In a similar manner, the anions can pass through the anion-permeable 
membranes but they are rejected by the cation-permeable membrane.

§ As a result the water in the treatment cell is cleared from most of the ions, 
and the resulting product is called the treated water stream. The removed 
ions are concentrated in the adjacent compartments or concentrate cells and 
the resulting product is called the concentrate or brine stream.

For stacks with more than on treatment cell as in Figure 5.7, alternate cells or 
compartments are formed. Each treatment cell is surrounded by adjacent 
concentrate cell. In Figure 5.7 we have 3 treatment cells and 4 concentrate 
cells. So the number of concentrate cell is always one cell more than the 
treatment cells. The number of membranes used in one electrodialysis stack 
is twice as the number of cells. Half of the membranes is anion-permeable
and the other half is cation-permeable.

§ Treatment cells in one stack is connected in parallel to meet the flow 
requirements. Electrodialysis stacks maybe connected in series to increase 
the treatment efficiency.

Electrodialysis treatment (ED)
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Fig. 5.6 Schematic of Electrodialysis process
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Fig. 5.7 Schematic diagram of Electrodialysis process with three cells

Electrodialysis treatment (ED)
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§ Figure 5.8 shows a typical layout of electrodialysis water treatment system.
§As shown in the figure, the raw water may need a pretreatment before pumping 
it to the ED system. 
§The ED stack is connected to a DC power supply system.
§ The disposed concentrate water stream Qc is in the range of 10-20%, which 
leaves a treated water stream Qp of 80-90% of the feed flow (Q). Some of the 
concentrate steam is internally recycled (Qr) to the concentrate cells so that the 
system can work . Part of the raw feed flow (Qm) is added to the recycled 
concentrate stream (Qr) to makeup for the disposed Qc. The remaining part of 
the feed flow (Q – Qm) inters to the treatment cells only.
§The salts removal efficiency for one pass in one stalk is in the range of 40-60%
according to the contact time in each treatment cell which is in the range of 10-
20 seconds.
§To increase the efficiency ED stacks are connected in series.
§Typical ED stacks has from 100 to 250 treatment cells (200-500 membranes).

2. Electrodialysis system layout:

Electrodialysis treatment (ED)
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Q  = feed water
Qc = concentrate water 
disposed
Qm = make up water = Qc
Qp = product water= Q-Qc
Qr = concentrate water recycled

Electrodialysis treatment (ED)

Typical flow diagram for Electrodialysis treatment processFig. 5.8
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Electrodialys
is treatment 

(ED)

3. Current requirements and design equations of ED:
§The electric current required in ED stack is calculated using the faraday’s laws   

of electrolysis. One faraday (F) of electricity (96,500 Ampere. second or  
coulombs) will cause 1 g-eq of charged substance from one electrode to another. 
The number of g-eq removed per unit time from an electrolytic treatment cell is 
given by equation 5.9: 

fractionaasremovaleelectrolyt
LeqsolutiontheofnormalityN

sLrateflowSolutionQ
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Electrodialysis treatment (ED)

§ The electric current required in ED stack for an (n) number of treatment cells is 
thus given by equation 5.10: 

fractionasexpressedefficiencycurrentE
stackincellstreatmentofnumbern

s/eq.A96,485quivalent)s/(grame.amp96,485
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Electrodialysis treatment (ED)

§ The power and voltage required in ED stack can be calculated from given by 
equation 5.11: 
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Electrodialysis treatment (ED)

§ An important parameter in the design of the ED system is RCD/N which is the 
ratio between the electric current density (CD) and the normality (N) of the water 
solution under treatment. This parameter is given in equation 5.12: 

Leq

R

/solution,feedtheofnormalityN
amp/cmdensity,currentCD

solutionfeedofnormalitytodensitycurrentofratioR

)2......(5.1..........
N

CD

2
CDN

CD/N

=
=

=

=

§ Table 5.2 gives typical values of many of the parameters needed in equations 
5.9 to 5.12.
§ Example 5.5 illustrates the design procedure for ED system.
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Seconds

Electrodialysis treatment (ED)

Table 5.2
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Solution:

Example:  5.4

Electrodialysis treatment (ED)
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Example:  5.4 ..cont’d

4. If the detention time is 10 s, what is the volume and the width of one cell?

andLssL
n

QV 804.1
240

10*)/3.43(*
===

θ cm
L
cm

cm
L

A
VcelltheofWidth 87.0

1
1000*

2068
804.1 3

2 ===

Electrodialysis treatment (ED)
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Example:  5.5

Electrodialysis treatment (ED)

For an ED stack Calculate the following: 1) salts concentration in the product water, 2) the salts 
concentration in the disposed concentrate water, 3) recycled concentrate water and recycle ratio 
given the following data:

Qf = 4000 m3/d ( feed flow),  Cf = 5000 mg/L
Qc = 20 % of  Qf ( disposed concentrate stream flow)
η =    60 % salt removal percent .

Treatment cells = 240  (i.e concentrate cells = 241)

From mass balance application on the ED stack equations 5.13 and 5.14 are derived: 

13.5.......................
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c

ppff
c Q

CQCQ
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−
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[ ]
14.5............................
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Example:  5.5

Electrodialysis treatment (ED)

Solution:
Qc = 0.20*4000 = 800 m3/d 
Qp = 4000-800 = 3200 m3/d

[ ]
p

ff
p Q

CQ
C

η−
=

1*

c

ppff
c Q

CQCQ
C

** −
=

[ ] LmgCp /2500
3200

6.015000*4000
=

−
=

LmgCc /15000
800

2500*32005000*4000
=

−
=

sLdm
n

QmQ
Q f

cell /154.0/33.13
240

8004000 3 ==
−

=
−

=

1-

2-

Qc , Cc

ED
stack

Qf , Cf

Qp , Cp

3- The flow in the concentrate cell should be equal to the flow in the treatment cell. The flow per 
treatment cell is:
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Example:  5.5

Electrodialysis treatment (ED)

mcellseconcentartr

mrcellseconcentart

QQQ
then

QQQ

−=

+=

,

dmQQ cellcellseconcentart /33.3213241*33.13241* 3===

The concentrate flow for the 241 concentrate cells is:

From figure 5.8  Q concentrate cells is:

dmQr /33.241380033.3213 3=−=

603.0
4000

33.2413Re ===
f

r

Q
Qratiocycle
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§ ED removes IONS from water , it does NOT remove bacteria (Crypto, 
Giardia), viruses,  uncharged molecules, suspended solids etc. 

§ ED is particularly adapted for deionization of brackish waters of 5000 mg/L 
dissolved solids (TDS) or less to produce  a product water with TDS of about 
500 mg/L. 

§ Electrodialysis is not well suited to the deionization of sea water because of 
the very high energy consumption , since from equation 5.10 the electrical 
energy required is directly proportional to the amount of salts removed. 

§ Since RO desalts at a comparable cost and gives other pollutants removals, it 
has a greater potential in water treatment than ED.

§ Electrodialysis can be less expensive for low TDS waters or when a 50% 
removal is adequate. 

Electrodialysis treatment (ED)

4. Applications of ED units:
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