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The Spiral Wound RO module 
Modules possess spiral windings of a filtration membrane.
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RO membrane is an intricate composite
The repeatable unit of a polyamide-based membrane is ~1.4117 mm thick. 



Concentration polarization  Brine  Scaling
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Unidirectional RO modules can be represented in a 1-dimensional model.

Membrane

Feed

Permeate

Scale

Brine

CP

Permeate flux

𝐽𝐽𝑤𝑤 = 𝐴𝐴(Δ𝑝𝑝 − Δ𝜋𝜋)

Δ𝜋𝜋Δp

Concentrate



1 n - 3...432 n

DOW BW30-400 FILMTEC 
~86 windings 

Polyamide composite membrane

n - 2 n - 1...

n = number of cells 

�
1

𝑛𝑛

𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐

Initial Solution: [Na] = 0.1%[Na] = 1.5%

28 L/min
Initial Time

1D conceptual model  Reactive Transport 



1 n - 3...432 nn - 2 n - 1...

Initial Solution

x ∈ R < 100%

1.5%[Na] = 1.5% 2.0% 3.0% 4.0% 5.0% 6.0% 8.0% 10% ... X %

Reactive Concept
28 L/min

Timestep: 1Timestep: 2Timestep: 3Timestep: 4Timestep: 5Timestep: 6Timestep: 7Timestep: 8Timestep: 9Timestep: 10
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CP via a single or dual domain
Dual domain = CP & bulk = green boundary
Single domain = CP + bulk = red boundary
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Comparative models
TOUGHREACT:
Pros – accurate; 

rigorous representation of 
desalination

Cons – high resource requirements;
high barrier of user knowledge 
(FORTRAN, geochemistry)

SysCAD PHREEQC RO Unit:
Pros – accessible PHREEQC framework; 

simulates brine formation
Cons – neglects fouling from scaling;

minimal capacity to design and 
process simulations

Zero Brine:
Pros – predicts brine formation and 

scaling from flow processes; 
Cons – lacks customization;

not specific to RO modules
or desalination;

French Creek software:
Pros – Predicts scaling in RO modules; 
Cons – >$2000 license;

only 18 scaling minerals
are examined; 
customization appears to
be limited



9

Our approach

PHREEQC:
- Open-source coding language from the USGS
- GUI for accessible usage

IPython Notebooks:
- Open-source language and source code (Github)
- Facilitate input-file generation
- Automate data processing
- Command-line UI to improve user accesibility

Software characteristics:
- Both scaling and brine would predicted 
- Open-source and accessible
- Highly customizable 
- Output data would be graphically expressed



10

Simulation workflow

Run the Output Notebook

Run the Input Notebook

PHREEQC Input file

Execute the file in PHREEQC 

Output data file
Graphs + tables

Green: Automated process
Orange: Manual process
Blue: Result
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Sample waters from geochemical literature
blue = produced waters ; purple = natural waters 
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[produced waters] > [natural waters]
Exchange

Steady-state

Programmed CF = 2 
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Scale_(Produced waters) > Scale_(natural waters)

Order-of-magnitude difference in scale quantity.
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Red Sea Scaling per mineral (slide 11)
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Palo Duro Basin Scaling per mineral (slide 11)
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Palo Duro Basin Scaling per mineral (slide 11)
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Scale accumulates with time

`

𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑡𝑡𝑛𝑛𝑡𝑡𝑐𝑐 =
𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑠𝑠

9.29
The simulation was computed in 77.46 hours. 
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Fouling predictably reduces permeate flux
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Average brine data tables

^ Brine simulation 
with small timesteps

<- Scaling simulation 
with large timesteps
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RO plant Validation
Module 1

Module 2

Module 3

…
.

Brine

In-series module method:
0.08%-error of CF

Brine concentrations:
|28|%-error of elemental concentrations
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New research

Scaling validation:
- Autopsies with RO modules

Expand the Input Notebook:
- Include all databases PHREEQC options

Package the workflow:
- Provide a single executable file for users

Implement the dual domain:
- Address the dilution effect dilemma
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Thank you!



¿Questions?
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Remaining challenges I – inconsistent SI

<- timestep 1, predictable
𝑁𝑁𝑁𝑁 𝑡𝑡=0 = 0 ∴ 𝑆𝑆𝐼𝐼𝐻𝐻𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡=0 = 0

<- timestep 2, predictable
𝑁𝑁𝑁𝑁 𝑡𝑡=12 ↑ ∴ 𝑆𝑆𝐼𝐼𝐻𝐻𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡=12 ↑

<- timestep 3, unpredictable
𝑆𝑆𝐼𝐼𝐻𝐻𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡=12 < 𝑆𝑆𝐼𝐼𝐻𝐻𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡=24

𝑛𝑛𝑛𝑛𝑡𝑡? 𝑆𝑆𝐼𝐼𝐻𝐻𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡=12 = 𝑆𝑆𝐼𝐼𝐻𝐻𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡=24

• Simulation with exclusively Halite
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Remaining Challenges II – dual domain
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The Palo Duro Basin 

0.00E+00

3.00E-01

6.00E-01

9.00E-01

1.20E+00

1.50E+00

1.80E+00

2.10E+00

2.40E+00

2.70E+00

0.00E+00

2.00E-04

4.00E-04

6.00E-04

8.00E-04

1.00E-03

1.20E-03

1.40E-03

1.60E-03

1.80E-03

0 0.2 0.4 0.6 0.8 1 1.2

Co
nc

en
tr

at
io

n 
fa

ct
or

 (v
ia

 m
as

s)

vo
lu

m
e 

of
 sc

al
e 

(c
m

^3
) [

w
he

re
 a

pp
lic

ab
le

] Immobile phase

1.000000E+00

1.000002E+00

1.000004E+00

1.000006E+00

1.000008E+00

1.000010E+00

1.000012E+00

1.000014E+00

1.000016E+00

1.000018E+00

0.00E+00

1.00E-01

2.00E-01

3.00E-01

4.00E-01

5.00E-01

6.00E-01

7.00E-01

8.00E-01

9.00E-01

1.00E+00

0 0.2 0.4 0.6 0.8 1 1.2

Co
nc

en
tr

at
io

n 
fa

ct
or

vo
lu

m
e 

of
 sc

al
e 

(c
m

^3
) [

w
he

re
 a

pp
lic

ab
le

]
Module distance (m)

Mobile phase

            Dolomite            Magnesite Concentration factor

The Red SeaThe “dilution effect”



26

The Exchange Factor creates the dilution effect
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An inflection point between 0.068 < EF < 0.08 exists in the dual-domain.
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Remaining Challenges III – mass balance

↑ 𝐺𝐺𝐺𝐺𝑝𝑝𝐺𝐺𝐺𝐺𝑡𝑡 → ↓ [𝐶𝐶𝑁𝑁]

↑ 𝐺𝐺𝑛𝑛𝑒𝑒𝐺𝐺𝐺𝐺𝑒𝑒𝐺𝐺𝑡𝑡𝑡𝑡𝑒𝑒 → ↓ [𝐶𝐶𝑁𝑁]

↓ 𝐺𝐺𝑛𝑛𝑒𝑒𝐺𝐺𝐺𝐺𝑒𝑒𝐺𝐺𝑡𝑡𝑡𝑡𝑒𝑒 →
?
↓ [𝐶𝐶𝑁𝑁]
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Limitation = feed charge imbalances :/
Literature heterogeneity
• Publication date, the experimental methods, and the season/region of sampling. 
• Heterogeneities may be incompatible and create charge imbalances.

The Pitzer activity model was exclusively studied.
• (+) The model is optimally accurate for 1 M < X < 6 M 

ionic strength solutions, like brine. 
• (-) The model is thermodynamically limited to a narrow 

range of geochemically pertinent species – i.e. Na, Cl, 
Mn, Mg, Ca, K, Fe, B, S(6), Ba, Li, and Sr. 
• The omitted charged species contribute to charge 

imbalances

Charge imbalances were compensated by increasing the 
[Na+] for (-) % error or increasing the [Cl-] for (+) % error.
• A sensitivity analysis will be conducted with other ions.
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Common PHREEQC keywords

The TRANSPORT block is the main instrument for specifying simulation details
The KINETICS block may be investigated in the future

7 references

Arbitrary

Scale

𝐽𝐽𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Printed values

Reactive transport: brine vs. scale
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The dilution effect may be explained

The “dilution effect”

Water removed (𝐽𝐽𝑤𝑤)
or exchanged

Distance (x)

Desalination 𝑠𝑠𝐽𝐽𝑤𝑤
𝑠𝑠𝑑𝑑

= (−)

EF constant

CF 

EF  0.60 𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑡𝑡𝑡𝑡𝑐𝑐𝑤𝑤 𝑐𝑐𝑑𝑑𝑐𝑐𝑒𝑡𝑡𝑛𝑛𝑒𝑒𝑐𝑐𝑠𝑠
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

0.602211711
0.592403227

0.58283244
0.57349173

0.564373783

0.55547157
0.546778338
0.538287599

0.52999311
0.521888871

0.513969106
0.50622826

𝑛𝑛𝑒𝑒𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 1 =
0.602212 – 0.60 = (+)

𝑛𝑛𝑒𝑒𝑡𝑡 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑡𝑡𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 10 =
0.521889 – 0.60 = (−)

CF value

𝐽𝐽𝑤𝑤
𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐

Net effect = Removed – Replaced

Inflection 
point 
correlation [?]



The dilution effect may be explained
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The “dilution effect”

Water removed (𝐽𝐽𝑤𝑤)
or exchanged

Distance (x)

Desalination 𝑠𝑠𝐽𝐽𝑤𝑤
𝑠𝑠𝑑𝑑

= (−)

EF constant

CF 

EF  0.60 𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑡𝑡𝑡𝑡𝑐𝑐𝑤𝑤 𝑐𝑐𝑑𝑑𝑐𝑐𝑒𝑡𝑡𝑛𝑛𝑒𝑒𝑐𝑐𝑠𝑠
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

0.602211711
0.592403227

0.58283244
0.57349173

0.564373783

0.55547157
0.546778338
0.538287599

0.52999311
0.521888871

0.513969106
0.50622826

𝑛𝑛𝑒𝑒𝑡𝑡 𝐺𝐺𝑒𝑒𝑡𝑡𝑛𝑛𝑟𝑟𝑁𝑁𝑐𝑐𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 1 = ( 0.602212 – 0.60) = (+)

𝑛𝑛𝑒𝑒𝑡𝑡 𝐺𝐺𝑒𝑒𝑡𝑡𝑛𝑛𝑟𝑟𝑁𝑁𝑐𝑐𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐 10 = ( 0.521889 – 0.60) = (−)

CF value

𝐽𝐽𝑤𝑤
𝑒𝑒𝑒𝑒𝑐𝑐𝑐𝑐

𝑛𝑛𝑒𝑒𝑡𝑡 𝐺𝐺𝑒𝑒𝑡𝑡𝑛𝑛𝑟𝑟𝑁𝑁𝑐𝑐 = (𝐺𝐺𝑒𝑒𝑡𝑡𝑛𝑛𝑟𝑟𝑒𝑒𝑟𝑟 − 𝐺𝐺𝑒𝑒𝑝𝑝𝑐𝑐𝑁𝑁𝑒𝑒𝑒𝑒𝑟𝑟)

Inflection point 
correlation [?]

Membrane

CP
Bulk

(+) (-) (-) (-) (-) (-) (-) (-) (-) (-) (-)

𝒅𝒅 𝑪𝑪𝑪𝑪
𝒅𝒅𝒅𝒅



Reactive Transport across the Membrane

1 n - 3...432 nn - 2 n - 1...

Initial time

1.016 m

Solution 
I

Solution 
III

Solution 
II



Reactive Transport across the Membrane

1 n - 3...432 nn - 2 n - 1...

1st timestep

1.016 m

Solution 
I

Solution 
III

Solution 
II



Reactive Transport across the Membrane

1 n - 3...432 nn - 2 n - 1...

2nd timestep

1.016 m

Solution 
I

Solution 
III

Solution 
II



Reactive Transport across the Membrane

1 n - 3...432 nn - 2 n - 1...

nth timestep

1.016 m

Solution 
I

Solution 
III

Solution 
II



Reactive Transport across the Membrane

1 n - 3...432 nn - 2 n - 1...

(n+1)th timestep

1.016 m

Solution 
I

Solution 
III

Solution 
II



Reactive Transport across the Membrane

1 n - 3...432 nn - 2 n - 1...

(n+2)th timestep

1.016 m

Solution 
I

Solution 
III

Solution 
II



Reactive Transport across the Membrane

1 n - 3...432 nn - 2 n - 1...

mth timestep

1.016 m

Solution 
I

Solution 
III

Solution 
II
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1D conceptual model  Reactive Transport 

0.1 M 0.2 M 0.5 M 1.0 M …. …. X M

1 2 3 4 …. …. n

Pressured feed water
Brine

Permeate



1 n - 3...432 nn - 2 n - 1

28 L/min

...

Initial Solution

m = number of shifts ∈ R

1 n - 3...432 n... n - 2 n - 1n +1 m - 3... m... m - 2 m - 1n +2 n +3 n +4

28 L/min

[Na] = 3%

Timestep: 1Timestep: 2Timestep: 3Timestep: 4Timestep: 5Timestep: 6Timestep: 7Timestep: 8Timestep: 9Timestep: 10



Literature validation will next be completed
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Exponential CF  Linearized CF
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− �

𝑐𝑐=1

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−1

𝐽𝐽𝑐𝑐
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= (+)

now = goal – past
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[Produced waters] > [open seas]
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Scale_(Produced waters) > Scale_(natural waters)
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Linearized CF code differentiates feed sources.
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Representations of fouling are predictable
Fouling is real
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