Russell School of Chemical Engineering, University of Tulsa
7 Oct 2019

¢ 5[3;1111boim
EZRescarch
@Group



Z== THE UNIVERSITY o

) TULSA

DT . Current Water Situation

 Existing Desalination Technologies
» Desalination via Clathrate Hydrate
 Challenges with Desalination via Clathrate Hydrate

Outline

* Thermodynamics
 Kinetics

e Conclusion and Recommendations
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Current Water Situation

Water Market Growth
865 billion S
362 billion S
2007 2025

< Global Water Intelligence, 2008 >

Sea Water

Abundant resource for fresh water on earth
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Major Water using industries

* Oil and Gas

* Petrochemical

* Power

* Food processing
* Pharmaceutical
* Microelectronics
* Pulp and paper
* Mining



Produced water (PW)

* The water found in the same formations as oil and gas and is a byproduct of oil
and gas exploration and production

* PW generated throughout the World is up to 39.5 million m3 per day
* 9.2 million m3/day of produced water in US alone
 Total dissolved solids of PW can be up to 300,000 mg/L

* Treated PW can be reused for
* irrigation,
* livestock watering
e aquifer storage
* municipal and industrial uses
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Existing Desalination Technologies

Desalination

\ 4 ‘L \ 4

Distillation Membrane Freeze

(MSF) (RO) Distillation (FD)

High energy cost; Requires pretreatment; Energy intensive;
. . 0 .
Corrosion issues; Sensitive to impurities; 20% Water Recovery;
High Maintenance Cost; Brine-crystal separation;

37-50% Woater Recovery;

Limitations of Existing Techniques

=Sensitive to salt concentration and impurities

«Energy intensive Disruptive — Innovative
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Disruptive — Innovative Technology

» Cost effective

* Environmentally friendly

« Low Iin energy consumption
« Raw material availability

* High recovery

« Sustainable
Can hydrate based desalination be the answer?
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Gas hydrates are crystals like ice

Non-stoichiometric crystalline
compounds

Formed by enclathration of guest
molecules by cages formed by water
molecules

Guest molecule may be H, , CO,
Hydrocarbons, N, etc.

Hydrates are relevant to flow assurance,
energy recovery and innovative
applications

Naked eye view



GAS
RESERVOIR

PF. - Reservoir Pressure

PC - Crystallizer Pressure

MF - Mass Flow Meter
DAQ - Data Aquisition
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Desalination via Clathrate Hydrate
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What are the advantages?

v" No reaction, easy to recover water
v Salt ions and impurities get rejected
v Treat up to eutectic salinity 230000
v Hydrates consist of 85% water!

What are the challenges?

» Slow rate of gas hydrate formation
» Separation of gas hydrate from brine
» Refrigeration requirement
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Challenges

*** Refrigeration requirement ----- > Thermodynamics ----- > |dentification of

suitable hydrate former to operate at higher temperature

¢ Slow rate of gas hydrate formation

former

¢ Separation of gas hydrate from brine
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> Reactor design and Suitable hydrate

_____ > Reactor design
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Our capabilities - Scalability

Prototype
Setup
» Volume =1 ml » Volume =100 ml » Volume =41l
» Thermodynamics » Thermodynamics and » Kinetics measurement
» No separation of hydrate Kinetics measurement » Separation of hydrate crystals
crystals » No separation of hydrate

crystals
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Micro Differential Scanning Calorimeter (DSC)

mmmmmm
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Gas Cylinder

* Phase equilibrium
* Heat of dissociation

* % Water conversion to hydrate

Chiller
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Furnace Temperature (°C)

10 A

DSC Operating Procedure

e Cool from 15 °C to -15 °C

« Hold temperature constant

-10

-15

200
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Heat Flow (mW)

« Heat back up to 15 °C

2200 4200 6200 8200 10200

Time (s)

- = Furnace Temperature(°C)  ——HeatFlow(mW)

Formation Peak B. Ice Melting Peak C. Hydrate Melting Peak
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HeatF low (i)

Water Conversion Calculation

Heat: 14.018 (Jig)
TiA458nd 271 (%)

t:3,399.0and 4,333.5 ()

Peak Maximu m: 003(°C) 3,605 (=)
Peak Height : -0.397 (mv)

Onzet: -0.482 (*C) 13561 .15(3)
Offset: 0227 (°C) /3,732,974 (s)

Heat : 81.323 (Jig)
T:423and 1080 (°C)
t: 47015 and 5,293.0 ()

; Pk Height - 1 T57 ()

Bl s UMGET Onset: 7674 (°C) 15,535,503 (5)

NEESWUEES: EHE LY Offset: 10712 ("C) /6,270,833 (=)
" Baszeline Type : Lineat

Mazs Used: 10.8 mg (intial)

Peak Maximum . 9913 ("C)FB,077.5 ()

J

. =
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T T T T
-5 0 5 10
Furnace Temperature (*C)

DSC curve for 20 wt% TBAB with out salts

AH,\...r = 333.78 )/g
AH, = 14.018 J/g
AHy grate = 81.323 J/8
Sample W =10.8mg

AH, = 0.1514 J/Sample
W, =0.4536mg

W = 10.346mg

Conversion = 95.8%

Hydrate
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Water Conversion Calculation

Exo

0.5
0.4
0.3
0.2
0.1

AHyyee, = 333.78 /g

014 Hest : 43.559 (Jig)
Heat: 52.728 (Ji) T:611 and 1234 (°C)
-0.24 T:-2.05 and 5.26 (°C) t: 51580 and 6,686.0 (s)
t:3,181.5 and 4,951.5 (5) Peak Masimum S 33064205 (5)
-0.3 Peak Maximum : -5.44E-3("C) /36765 (5) Peak Height : -0.475 (mi)
04 Peak Height : -1 163 (i) Onset© &355 ("C) /5,700.345 (5)

AH, =52.728 )/g
“ B e et Sl AHy grate = 43.559 J/g

e Baseline Type : Linear Meass Used: 7 mg initial)
Mass Used: 7 mg (intisl) B
-0.64 -
Sample W = 7m
081 N . s ampie g

-0.94

HeatFlow (i)

AH, = 0.369 J/Sample
W, =1.1058mg

-1.74
-1.24
-1.24
-1.44
-1.54
-1.64
-1.74
-1.84
-1.84

W = 5.894mg

Conversion = 84.2%

Hydrate

-2 4

-1‘5 -10 -5 0 5 10 15 o
Furnace Temperature (*C)

ng@b@ﬁm DSC curve for 20 wt% TBAB with 7 wt% NaCl
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Temperature (°C)

[
(6}

[
H

[
w

[
N

[N
=

[y
o

o

Phase Equilibrium curve

20 30 40 45
TBAB Concentration (wt%)

NaCl 0 wt% ™ NaCl 1.5 wt% m NaCl 3 wt% B NaCl 5 wt% B NaCl 7 wt% HE NaCl 8.5 wt% .



Small Scale Stirred Tank Reactor

* Phase equilibrium

 Formation Kinetics
* Induction time
* Rate of hydrate formation

* Total gas uptake

e Dissociation Kinetics
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* % Water conversion to hydrate ey
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Isochoric Phase Equilibrium Measurement
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Prototype Reactor

_____________________________________________________________

" 4 L Reactor ”
" Pressure 1000 psi .l —L:

= Temperature -10 °C to 40 °C rson

PF. - Reservoir Pressure
PC - Crystallizer Pressure
MF - Mass Flow Meter
DAQ - Data Aquisition

GAS
CYLINDER

L
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Gas uptake measurement
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Hydrate Growth curve

* Experiments with CO, at
360 PSl and 2.5 °C

* Repeatability
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Summary

 Desalination via Clathrate Hydrate is a sustainable technology

« Need to identify a suitable hydrate former that can increase the operating
temperature and enhances hydrate formation kinetics

» Tetra-n-butyl ammonium bromide testing in progress
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Moving forward

 To study kinetic water recovery experiments with different salts and
different TBAB concentrations

« Salt rejection study at different concentrations of TBAB

 To optimize of operating conditions for maximum water recovery and salt
rejection

* To evaluate OPEX and CAPEX
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Process Simulation — Hysys

* Process simulation
e System integration and optimization of the process
* Establish mass and energy balance
* Determine water recoverable through system integration

* Economic analysis
* Sizing and costing of various process equipment

* Analysis on operating costs incurred and determine cost of
water
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