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The Spiral Wound RO module

Modules possess spiral windings of a filtration membrane.

Feed water passes through membrane from
feed channel spacer and permeate flows

through the permeate collection material
Feed channel spacer

Permeate collection material
Membrane

Feed water flows through

™~ Anti-telescoping device (ATD)



RO membrane is an intricate composite

The repeatable unit of a polyamide-based membrane is ~¥1.4117 mm thick.
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Concentration polarization = Brine = Scaling

Unidirectional RO modules can be represented in a 1-dimensional model.
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1D conceptual model = Reactive Transport

' Initial Time

n = number of cells
DOW BW30-400 FILMTEC

. . n
~86 windings . .
Polyamide composite membrane Z cells = “total



Reactive Concept

Timestep: 80
X ER<100%
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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: Zero Brine:

Pros — accurate; Pros — predicts brine formation and
rigorous representation of scaling from flow processes;
desalination Cons — lacks customization;

Cons — high resource requirements; not specific to RO modules
high barrier of user knowledge or desalination;

(FORTRAN, geochemistry)

SysCAD PHREEQC RO Unit: French Creek software:

Pros — accessible PHREEQC framework; Pros — Predicts scaling in RO modules;

simulates brine formation Cons — >S$2000 license;

Cons — neglects fouling from scaling; only 18 scaling minerals
minimal capacity to design and are examined;
process simulations customization appears to

be limited



Our approach

Software characteristics:

- Both scaling and brine would predicted

- Open-source and accessible

- Highly customizable

- Output data would be graphically expressed

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 Ul to improve user accesibility




Simulation workflow

Run the Input Notebook

l : Automated process
PHREEQC Input file - Manual process
‘ : Result
Execute the file in PHREEQC
l Graphs + tables

Output data file

~ /

Run the Output Notebook




Sample waters from geochemical literature

blue = produced waters ; purple = natural waters
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Scale (Produced waters) > Scale (natural waters

Palo Duro scaling over module distance
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Red Sea Scaling per mineral (slide 11

le—8 Scaling throughout the RO module scaling throughout the RO module
T 0.005
—| Barite [Bas04] ; t!me (s): 0 —— Goergeyite [K2Ca5(S04)6+(H20)] ; time (s): O
Bar!te [BasSC4] : t!me (s): 3.60076 Goergeyite [K2Ca5(504)6+(H20)] : time (s): 3.60076
71— Barite [Bas0O4] ; time (s): 7.20153 —— Goergeyite [K2Ca5(504)6+(H20)] ; time (s): 7.20153
0004
B
5
= . 0.003
B 8
o
Es E
= =
£ 2
= c
o o
3 3 8- 0.002
2
0.001
1 /\-\
o 0.000
oo 0z o4 o8 0z 10 g 02 o . 06 08 10
Midpoint module distance (m) Midpoint module distance (m)
S——
Nesalination CF 2 OON0RT1958046371 Nesalination CF 2 000A71958046371
PR— "
Scaling throughout the RO module .
9 9 —_— Scaling throughout the RO module
—— Gypsum [CaS04+2(H20)] ; time (s): O B B
Gypsum [CaS04+2(H20)] ; time (s): 3.60076 1T CE:ESE!te [SrS04] stime.(5):0
—— Gypsum [CaSO4-2({H20)] ; time (s): 7.20153 Celestite [Sr504] :itime:(5):3.60076
0.04 noooio { B Celestite [SrS0O4] ; time (s): 7.20153
0.00008
0.03
= e
] m
- @
o
£ £ 0.00006
z =
E 0.02 E
3 ]
< &
0.00004
0.01
0.00002
s,
0.00 0.00000
o 02 04 0’6 [y 10 0o 0z 04 06 08 10
Midpoint module distance (m) Midpoint module distance (m)

Nesalination CF- 2 ONOR7195R046371 Nesalinatian CF 2 ONDOR71958046371




Palo Duro Basin Scaling

per mineral (slide 11

Scaling throughout the RO module
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Palo Duro Basin Scaling per mineral (slide 11)

Scaling throughout the RO module
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LOG10 scale volume (cm”3)

Scale accumulates with time

Goergeyite scaling from desalinating the Red Sea over February

Gypsum scaling from desalinating the Red Sea over February
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concentration (mol/kgw)

ouling predictably reduces permeate flux

Palo Duro brine with PE = 100%
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Average brine data tables

Average elemental molal concentrations of the feed water in the RO module over 24 seconds of simulation:

B Ba Ca Cl Fe K Li Mg Mn Na 5(6) Sr

Concentrations {molal) 0.000037 1.216375e-07 0.016056 1.199256 1.931583e-07 0.009575 0.000056 0.11631 9.566056e-09 1.226445 0.150885 0.000138

A Brine simulation

. Time(s): 0 Time(s):12 Time (s): 24 Wlth Sma“ tlmeStepS
Mn 0.0 9.074252e-09 9.074106e-09
Fe 0.0 1.832277e-07 1.832248e-07
B 0.0 3.541067e-05 3.541010e-05
Cl 0.0 1.137600e+00 1.137582e+00 . . .
Na 0.0 1.163392e+00 1.163374e+00 <-. Sca I | ng Sl.m u Iat|0n
S(6) 0.0 1.497472e-01 1.496683e-01 Wlth Ia rge tl m eSte pS
Ca 0.0 2.085900e-02 2.086509e-02
K 0.0 1.102937e-02 1.086286e-02
Mg 0.0 1.103307e-01 1.103290e-01
Sr 0.0 1.490645e-04 1.493147e-04
Ba 0.0 1.277230e-07 1.273502e-07
Li 0.0 5.351494e-05 5.351408e-05




306 # Tube end

- === ... RO plant Validation

310 REACTION 122
311 HzO -1; 0.592403227
312 REACTION 123
313 HZO -1; 0.58283244
Module 1 314 REACTION 124
315 HZO -1; 0.57349173
316 REACTION 125
317 H2O0 -1; 0.564373783
318 REACTION 126 I . .
n-series module metho
320 REACTION 127 *
321 H2O0 -1; 0.546778338 0
322 REACTION 128 O 08/_ f CF
323 H2O0 -1; 0.538287599 . o-€rror o
324 REACTION 129
325 H2O -1; 0.52999311
Module 2 326 REACTION 130
327 HzO -1; 0.521888871
328 REACTION 131
329 H20 -1; 0.513969106
330 REACTION 132
331 HZO -1; 0.50622826
332
333 # Tube end B ° ° .
rine concentrations
335 REACTION 133 .
336 H20 -1; 0.602211711 o .
B TN I3 L ceneonzer |28 | %-error of elemental concentrations
339 REACTION 135
340 H2O -1; 0.58283244
341 REACTION 136
342 HZO -1; 0.57349173
343 REACTION 137
344 H20 -1; 0.564373783
345 REACTION 138
346 H2O0 -1; 0.55547157
347 REACTION 139
348 H20 -1; 0.546778338
349 REACTION 140
350 H2O -1; 0.538287599
351 REACTION 141
352 H20 -1; 0.52999311
353 REACTION 142
354 HzO0 -1; 0.521888871
. 355 REACTION 143
Brine 356 H20 -1; 0.513969106
357 REACTION 144
358 H2O -1; 0.50622826
359

360 # Tube end



New research

Scaling validation: Expand the Input Notebook:
- Autopsies with RO modules - Include all databases PHREEQC options

Implement the dual domain:
- Address the dilution effect dilemma

Package the workflow:
- Provide a single executable file for users
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i Halite
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Remaining challenges | — inconsistent Sl

<- timestep 1, predictable
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Simulation with exclusively Halite
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The Exchange Factor creates the dilution effect
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—— Goergeyite [K2Ca5(504)6+(H20)] ; time (s): 7.20153
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?
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nodule distance (m)

the RO module
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1.95E-02

0z

Nesalinatian CF 2 ONDOR71958046371
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0.6 08 10

Midpoint module distance {m)
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Limitation = feed charge imbalances :/

Literature heterogeneity
e 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 accuratefor 1M < 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 [CI'] for (+) % error.
28

* A sensitivity analysis will be conducted with other ions.
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Common PHREEQC keywords

DATABASE C:“Program Files (x86)%WU5G5"Phreegc Interactive 3.4.0-12927‘database\pitzer.dat

TITLE Example 11.--Transport and ion exchange.

SOLUTION 0 NaCl #0.2% salinity water as a dummy initial solution
pH 8.22
units ppm
Temperature 24.5 #average of Al-Taani et al.
Alkalinity 2 #5abine et al., 2002 as reported for the Indian Ocean

2014 and Longinelli and cCraig,

1967.

76

pe 0.267% #Al-Taani et al., 2014 // 4.00 is the default (7)
Mn 0.000306 #Al1-Taani et al., 2014 for the Morthern Gulf of Agaba
Fe 0.006281 #Al-Taani et al., 2014 for the Northern Gulf of Agaba 82
B 1.344 #A1-Taani et al., 2014 83
C1 24756 #https: //www. lenntech. com/composition-seawater.htm in the Red Sea, and Longinelli and craig, 1967 84
Na 16417.2 #httips www. 1enntech. com/composition-seawater.htm in the Red Sea, and Longinelli and craig, 1967 85
describes [Na]l=15834 86
S({6) 9500 #Longinelli and Craig, 1967 and Llyod, 13&7.
Ca 774 #Abdel-Aal et al., 2015
301, sapaei-aml er a1, sois 7 references
Mg 1546 #Abdel-Aal et al., 2015 87
Sr 8.3 #Bernat, Church, and Allegre, 1972 from the Mediterranean
Ba 0.011 #Bernat, Church, and Allegre, 1972 from the Mediterranean 88
Li 0.2258 #5toffyn-Egli and Mackenzie, 1984 for the Mediterranean Sea 89
-water 1.321397889 90
91
SOLUTION 1-25 #3.7% salinity water, including the adjustments of [Na] and [C1] to balance the %-error of the values 92
units ppm 93
temp 25.0 96
pH 7.0 charge 51  REACTION 14 97
e oot 12.5 52 H20 -1; 0.708831358 98
Fe 0.001 53 REACTION 15 99
B 0.001 54 H20 -1; 0.695262611 100
c1 1000.00 . 55 REACTION 16
Na 933.00 56 H20 -1; 0.682079778 101
S(s) 0.001 Arbltra ry 7 REACTION 17 102
Ca 0.00L 58 H20 -1; 0.669268362 ] 103
kK 0.001 59  REACTION 18 Weell 104
e 60 H20 -1; 0.656814541 105
Ba 0.001 61 REACTION 19 106
Li 0.001 62 H20 -1; 0.644705128 107
-water 1.321397889 63 REACTION 20
b4 H20 -1; 0.632927541 108
EQUILIBRIUM_PHASES 14-2% Scale 65 REACTION 21
coz(g) -3.5 100 _ . 66 H20 -1; 0.621469765 _ L
Anhydrite 0 0; Aragonite 0O 0; Artinite 0 0; |6? REACTION 22 5 0 07 Calcite 0 03
carnallite 0 0; Dolomite 0O 0O; Huntite O O; M. . O 0 0; Pirssonite 0 0;
Barite 0 0; Brucite 0 0; Celestite 0 0; G'Iaul68 H20 -1; 0.610320325 0; Gypsum 0O 0; Halite 0 0
; Sylvite 0 0; Teepleite 0 0; Thenardite 0 0O 69 REACTION 23
70 H20 -1; 0.599468257
71 REACTION 24
72 H20 -1; ©0.588903078
73 REACTION 25
7 H20 -1; 0.57861l4764

The TRANSPORT block is the

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

SELECTED_OUTPUT
-file rRed Sea_BW30-400_PE=100%_1.1
-reaction true
-temperature  true
-ionic_strength true
-saturation_indices Anhydrite Aragonite Artinite Barite Bischofite Bloedite
Boric_acid,s Brucite Calcite Carnallite Celestite Dolomite Glauberite Goergeyite
Gypsum Huntite Halite Magnesite MgC12_2H20 Mirabilite NaB508:5H20 Pirssonite
Sylvite Teepleite Thenardite
-totals B Mn Fe Na S(6) Ca K Mg Sr Ba Li Na Cl
-pH true
-alkalinity true
-charge_balance true
-equilibrium_phases Anhydrite Aragonite Artinite Barite Bischofite Bloedite
Boric_acid,s Brucite Calcite Carnallite Celestite Dolomite Glauberite Goergeyite
Gypsum Huntite Halite Magnesite MgC12_2H20 Mirabilite NaB508:5H20 Pirssonite
Sylvite Teepleite Thenardite

Printed values

-solution
-time true
-distance true
-simulation true
-step
-high_precision true
-water
TRANSPORT . .
—cells 12 Reactive transport: brine vs. scale
-shifts 24
-lTengths 0.084667
-time_step 0.3000636 #satisfy the Courant condition

for lengths and the implied feed velocity = 0.28216239 m/s
—-initial_time 0

-flow_direction forward

-boundary_conditions  flux flux
-diffusion_coefficient 0.0e-9

-dispersivities 0

-stagnant 1
#stagnant layerh
immobile
-punch_cells 14-25
-punch_frequency 24

0.9
Afraction mobile

0.1
Afraction

6.8e2
Aexchange factor



The dilution effect may be explained

cell

0.602211711
0.592403227
0.58283244
0.57349173
0.564373783

0.55547157

CF CF value 0.546778338
Water removed (]W) 0.538287599

or exchanged \ EF constant 0,52999311
0521888871

Inflection 0.513969106
0.50622826

) ) ) d

point Desalination 2% = ()
) dx

correlation [?]

‘ . EF - 0.60 moles water exchanged
Distance (x) cell

net ef fect =
Net effect = Removed — Replaced 0.60221f2f— 0_6688 1: (+)

net ef fectceni10 =
0.521889 - 0.60 = (=)

The “dilution effect”




The dilution effect may be explained

The “dilution effect”

Jw_ 0.602211711
cell 0.592403227
0.58283244
0.57349173
0.564373783
0.55547157
CF CF value 0.546778338
Water removed (/,,,) 0.538287599
or exchanged \ EF constant 0.52999311
0.521888871
Inflection pol EF > 0,60 M0les water exchanged 0.513969106
correlation [?] Desalination &% — =) : cell 0.50622826
dx
net removal = (removed — replaced)
‘ net removalgy; 1 = (0.602212 - 0.60) = (+)

Distance (x) d (CF)
H 66066606660 60 d

IIIIIIIIIJIB"“‘
llllllll‘ Membrane

net removalge;; 10 = (0.521889 - 0.60) = (—)




Reactive Transport across the Membrane

Initial time

Solution ——

11
Solution

1
Solution

I

1.016 m




Reactive Transport across the Membrane

15t timestep

Solution ——
11

Solution
1

Solution
I

1.016 m




Reactive Transport across the Membrane

2" timestep

Solution ——
11

Solution
1

Solution
I

1.016 m




Reactive Transport across the Membrane

nth timestep

Solution ——
11

Solution
1

Solution
I

1.016 m




Solution
11

Solution
1

Solution
I

Reactive Transport across the Membrane

(n+1)t timestep

1.016 m




Solution
11

Solution
1

Solution
I

Reactive Transport across the Membrane

(n+2)t timestep

1.016 m




Solution
11

Solution
1

Solution
I

Reactive Transport across the Membrane

mt timestep

1.016 m




1D conceptual model = Reactive Transport

Pressured feed water

E——)
/NSNS

ﬁﬁm

Permeate




m = number of shifts € R

Timestep: 80




Literature validation will next be completed
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Exponential CF = Linearized CF

Palo Duro Basin scale volume

LOG10 Scale volume (cm”3)

4 50E+01
M00E+01
2
.50E+01
0
.00E+01
-2 2.50E+01
-4 2.00E+01
1.50E+01
-6
1.00E+01
® 5.00E+00 cell-1
o ] — ]Wmltal z ]
-10 i 1 0.00E+00 Weell CFcell : l ]chll — A(Apcell — Ancell)
@ stream distances in the module (meters) < CF > — 1
Anhydrite —— Barite —— Calcite NOW = goal - past CF final * < Cell #> +1
—— Carnallite —0— Celestite Goergeyite Cell < total # CellS >
Gypsum —— Halite —O— Concentration factor (mass)
Initial Timestep 1 Timestep 2 Timestep3 Timestep4  Timestep 10 Timestep 18
100 95 90.25 85.74 81.45 59.87 39.72

% change -5% -5% -5% -5% -5% -5%



LOG10 elemental concentration (molality)

Produced waters] > [open seas

Red Sea effluent brine

Palo Duro Basin effluent brine
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Scale (Produced waters) > Scale (natural waters

Palo Duro Basin scale volume Red Sea scale volume
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Moles of scale

Linearized CF code differentiates feed sources.

Red Sea moles of scale

Palo Duro Basin moles of scale
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Representations of fouling are predictable
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