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Background
Introduction to nanoscale
Challenges facing nanoparticle application
Integration of nanopatrticles in processes of:
 QOil upgrading and recovery
« Asphaltene
« Friction reduction
» Natural gas
* Produced water treatment
» Conversion of waste hydrocarbon into valuable products
Take-home message
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Oil and Natural Gas Resources
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= Canada ranks third, in terms of proven global crude oil reserves.

= More than 96% of Canada's oil reserves are in Alberta.

» In 2010, Alberta’s total proven oil reserves were 170.8 billion barrels, or
about 12% of total global oil reserves (1,469.6 billion barrels).

= Canada ranks fourth, in terms of proven global NG reserves

= 2020: marketed NG production in Alberta = 8,286.6 Million Cubic Metres

= In August 2021, marketable natural gas production was 9.0 billion cubic
metres, up 8.4% from August 2020's production level.

= There are 220 km? of tailing in Alberta

340 billion gallons of toxic sludge

27 billion dollars is the estimated amount needed for the cleanup using
current implemented technologies

= 150 million metric tons of petroleum coke is stockpiled per annum.
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Nano scale

Lacking more

o coordination
COmpleTe Coordlnghon Source: Chapter 23: Naturally-derived Pyroxene Nanomaterials -An Ore for Wide Applications in Hanfibook of

Functionalized Nanomaterials for Industrial Applications, Hossein Chaudhery, Ed., Elsevier, pp 731-773.
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Why Nanoparticles are different?
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Area of one gram of nanoparticles =
1000 m?2 (4 tennis courts)
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Source: seashellslaom
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Size, Shape, Surface and Structural e

Modifications Webinars

ACS Applied Nano Materials. 3 (2020) 5311-5326

Phys. Chem. Chem. Phys., 2016, 18, 6839

RSC Adv., 2017, 7, 14021 12
Journal of Colloid and Interface Science, 2016, 461, 396-408
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“If I have 300 ideas in
ayear and justone : -
turns out to work, -

[ am satished”?: .

- ALFRED NOBEL

Founder:of the Nobel Prize
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Challenge: Nano to real application Webinars

Profitable, CO,
Size, shape, SA, Purity, efficiency, reduction,
functionality, etc productions, et Sustainability, etc

o
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Nanoparticles Properties Process Field testing Market
Adsorption affinity, Scale up, cost,
uptake, catalytic activity, integration,
interactions, etc environmental
impact, etc
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Ironsand Aegirine Metakaolin Hydrotalcite

(Fe,—xTix0,) Na(Ce,-Ni,-Fe,.,.,))Si,04 (Cs,0-Ba0-NiO)Al,Si,0;, Mg, 3Ni, 7, CeAl(OH),.CO;.4H,0

* Naturally-derived nanomaterials
* Prepared at mild conditions

* Tunable surface USA Patent No. US16/289,218 (pending)

. USA Patent No. US63/231,083 (pending)
Most abundafﬂ_: elements on e_arth_ RSC Adv.. 2016, 6, 64482

+ Could be utilized for both in-situ and ex- RSC Adv., 2017, 7, 14021 16
S.I.tu_aD.DJ.LQaI.LQ.DS Journal of Colloid and Interface Science, 2016, 461, 396-408
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Process toolbox: Oil, gas, water, and solid waste 7.
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Oil Natural Gas Wastewater  Solid waste
Upgrading & recovery Purification SAGD Petroleum coke
Asphaltenes Transportation (LNG) MFT Asphaltenes
Formation damage Conversion (G2L, DME, H,) Oil spill Low-rank coal
TAN

Friction reduction (fracking)

17

.
=
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3 ‘ process evelopmen
Feed chemistry 3E's
Is it a material challenge and/or a process challenge? "
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Nano-catalysts: Partial upgrading of heavy oil to
meet pipeline specifications!
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o Upgrading
o Dilbit using NGC o On surface
o Costly o In-situ
o High volume capacity
(~50%) o Catalytic
Not readily available in large upgrading with E-
4 quantity Applied Energy, 2014,133,374-387  UD nanocatalysts
o Energy intensive Cnergy Fusls 2014, 26, 13511361 5

Integrating Nanoparticles with Water
Flooding for EOR

(a) Disjoining pressure (d) Preventing asphaltene precipitation

Wedge-shaped film *'* *
* Asphaltene flocculation
o '* in the presence of NPs
s oo e o Disjoining pressure i a‘
5.

Asphaltene flocculation
without NPs

Rock surface

(b) Pore channels plugging (¢) Wettability alteration

Ind. Eng. Chem. Res. 2016, 55, 8226132
Ind. Eng, Chem, Res, 2015, 54, 8201-8211

10
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Contents lists available at ScienceDirect

Applied Catalysis A: General

journal homepage: www.elsevier.com/locate/apcata
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Catalytic steam gasification of n-Cs asphaltenes by kaolin-based @Cmm
catalysts in a fixed-bed reactor

Azfar Hassan*, Lante Carbognani-Arambarri, Nashaat N. Nassar, Gerardo Vitale,
Francisco Lopez-Linares, Pedro Pereira-Almao

o a Petrol 2 University of Calgary, Calgary, Alberta T2N 1N, Canada
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Getting Real: Adsorption and Gasification
o Processes
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Getting Real: Adsorption and Gasification
Processes
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Preliminary Catalytic Steam Gasification Results
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» Feed: Athabasca Vacuum Residue
» Catalyst: 3wt% NiO-Kaoline
Composition vs.. Temperature
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Nano-inhibitor: prevents asphaltene deposition =
energw gfuels N C;. Fe;0, Alxzoj” ‘ 7'92 Mgo NiO Co,0,

Metal Oxide Nanoparticles for Asphaltene Adsorption and Oxidation

Nashaat N. Nassar,'" Azfar Hassan," and Pedro Pereira-Almao™"

"Alberta Ingenuity Centre for In-Situ Energy, University of Calgary, Calgary, Alberta, Canada
"Department of Chemical & Petroleum Engineering, University of Calgary, Calgary, Alberts, Canada
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Catalysis Today 207 (2013) 127-132

Contents lists available at SciVerse ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod
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Kinetics of the catalytic thermo-oxidation of asphaltenes at isothermal
conditions on different metal oxide nanoparticle surfaces

Nashaat N. Nassar*, Azfar Hassan, German Luna, Pedro Pereira-Almao

of Chemical Schulich School of University of Calgary, Calgary, Alberta T2N 1N4, Canada
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O  Affinity constant a measure of catalytic conversion?
O  Experimentally verified for the first time!

O Similar trends have been found for pyrolysis and gasification.

Isothermal oxidation (T = 300°C)

1
0.8 L=
-
-~ = &
174
0.6
-]
0.4
0.2 o ——NiO-Asphaltenes
e ——Co304-Asphaltenes
P ——Fe304-Asphaltenes
-~ — — Virgin Asphaltenes
0
0 100 200 300 400 500

Time (minutes)

27

Naturally occurring materials: Nanopyroxene

D~
—
Webinars

P AL AT
AL
S M M
TR R R

#,

28
RSC Adv., 2016, 6, 64482
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RSC Advances

@g?ssmark Effect of nanosized and surface-structural-
modified nano-pyroxene on adsorption of
violanthrone-797

Cite this: RSC Adv., 2016, 6, 64482

Maryam Hmoudah,® Nashaat N. Nassar,*® Gerardo Vitale® and Amjad El-Qanni®®
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Theoretical Considerations:
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A Novel Solid—Liquid Equilibrium Model for Describing the
Adsorption of Associating Asphaltene Molecules onto Solid Surfaces
Based on the “Chemical Theory”

Tatiana Montoya,';' Diana Coral,” Camilo A. Franco,” Nashaat N. Nassar,** and Farid B. Cortés™"

0.1 = ¥
a ¢ 1 + Ky eXP(Nm (12)

This adsorption isotherm model describes the behavior of
asphaltenes onto a solid surface, i.e., solid—liquid equilibrium,
which is a temperature- de’};endent model of three parameters

?00.06 (ie, N,, H, and K).%”°”" H is the measured Henry’s law
?D o Exp.MgO constant, which is only a function of temperature, and an
;0 04 A Exp.TIO2 ?ndicatctr of the adsontion affinity (ie., the stFength of
' o Exp. Co304 interactions for adsorption) of asphaltenes onto solid surface.
' The lower the H value (ie., higher Henry’s constant), the
x Exp. Fe304 s . i S 5 P :

0.02 o Exo NIO higher the affinity (i.e., the active sites are in locations that are

. xp. Ni

easily accessible by asphaltenes). K is constant and an indicator

—SLE model of rapid association of asphaltenes molecules once the primary

0= T T 1 sites are occupied. N,, is the maximum adsorption capacity of

0 1 2 3 asphaltenes (g/g). The other parameters are defined as follows:
C(me/g)

33
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energW§UEIS Energy Fuels 2015, 29, 4210—4221 B ice ]

pubs.acs.org/EF

A New Model for Describing the Adsorption of Asphaltenes on
Porous Media at a High Pressure and Temperature under Flow
Conditions

Nashaat N. Nassar,*’% Tatiana Mon'(oya,+ Camilo A. Franco,i Farid B. Cortés,*’i

3
|
YH
i ¢ = | o o] o, - a7
b 1+ KY N, RT (12)
where the definitions of K and ¥ are given by*
_ KRT
\0 i § .} T osA (13)
%\* g =1+ {1+ 4K¢
<. < - 2K (14)
SXYE where £ is a constant (defined as £ = NNm/(Nm —N)), Nis the
-~ amount adsorbed (in units of g/g), N,, is the maximum
§"P adsorption capacity, K is the reaction constant for dimer

formation, SA is the specific surface area of the adsorbent (in
units of cmz/g), v, is the asphaltene molar volume (in units of
em (g/g)*/mol), ()as is the solubility parameter for asphaltenes
(in units of MPa'/?), and 8 is the solubility parameter (in umtq
of MPa'’?) for the dissolvent reported in the literature.%®

Figure 2. Schematic representation of the experimental setup. Legend:

(1) the core holder, (2) the sand packed bed, (3) the displacement Equation 12 represents the new adsorption model that
cylinder, (4) the displacement positive pump, (5) the mineral oil considers the effects of the temperature and pressure.

pump, (6) the pressure transducers, (7) the valves, and (8) sample

output.

34
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o 17.24 MPa
® 10.34 MPa

© 6.89 MPa
——SLE-RC

1 15
C(mg/g)

Figure 4. Adsorption isotherms of n-C, asphaltenes at different test

pressures and temperature of 313 K. The symbols represent the

experimental data and the solid curves are from SLE-RC model (see

eq 12). . . PR
Table 2. Estimated Parameters of the Solid—Liquid Model
under Reservoir Conditions in the SLE-RC Model for
Different Test Pressures at 313 K

Value
parameter 6.89 MPa 10.34 MPa 17.24 MPa

H (mg/g) 8086.42 7030.61 3321.65
K (g/g) 1259.76 1440.82 1473.52
N, (g/g) 0.00668 0.00708 0.00879
8, (MPal’?) 16.56 16.64 16.80

v, (em®/mol) 1040.4 1025.28 743.74
RMSE% 1.70 0.04 0.63

35
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pubs.acs.org/EF

Importance of the Adsorption Method Used for Obtaining the
Nanoparticle Dosage for Asphaltene-Related Treatments

Juan D. Guzmén,‘} Stsfania Betancur,';- Francisco Carrasco-Marin,zE: Camilo A. Franco,']"l
Nashaat N. Nassar,*® and Farid B. Cortés™ ™
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AspA aggregate size (nm) Figure 6. Adsorption isotherms for AspB adsorption onto (a) SS and
Figure 2. AspA aggregate size distribution in Heptol 60 solutions at (bZi EM na_nopartlcles constructed through methods 1 (M = 10 g/L)
different asphaltene initial concentrations of 500, 1000, and 2000 mg/ and 2 (Ci = 1000 mg/L) at 298 K.
L and 298 K.
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Industrial & Engineering Chemistry Research

Nashaat N. Nassai
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Figure S. Kinetics of asphaltenes aggregation-fragmentation in the
presence of nanoparticles for (a) heptol 20 and (b) heptol 40 at 293 K.
The symbols are experimental data, and the solid lines are from the
PBM model (see eq 3).

Ind. Eng. Chem. Res. 2015, 54, 8201—-8211 —w

Development of a Population Balance Model to Describe the
Influence of Shear and Nanoparticles on the Aggregation and
Fragmentation of Asphaltene Aggregates

Stefania Betancur,” Sécrates Acevedo,” Camilo A. Franco,” and Farid B. Corté

pubs.acs.org/IECR

Nimax

dn

i 1
=== X BV, Vomm, = n, Y B (Vi Vg
dt 2 k=i

n,

max dq
— Bn+ Z K,/B/”r - E
=i+l 3)

where #; is the number concentration of aggregates with size i
that contains i primary particles and #,,,, is the maximum size of
the particles that will form fragments of size i before
fragmentation. In eq 3 from right to left, the first term defines
the adsorption kinetics on the nanoparticle, the second and fifth
terms define the formation of i-sized particles, and the third and
fourth terms account for the disappearance of particles of size i.
P is the collision frequency between particles of volume V; and
Vkudyeﬂ_to Brownian motion and fluid shear, as expressed in eq
2l

2
KT (4 — 4,
e 2B [ ’] + S+ )’

3 u dd, 6 o)
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| Energy Fuels 2013, 27, 2899—-2907 _m

energy:fuels

3¢
|

Figure 2. Schematic representation of the experimental setup. Legend:
(1) the core holder, (2) the sand packed bed, (3) the displacement
cylinder, (4) the displacement positive pump, (5) the mineral oil
pump, (6) the pressure transducers, (7) the valves, and (8) sample
output.

pubs.acs.org/EF

Nanoparticles for Inhibition of Asphaltenes Damage: Adsorption
Study and Displacement Test on Porous Media

Camilo A. Franco,% Nashaat N. Nassar,i’§ Marco A Ruiz,% Pedro Pereira—Almao,i and Farid B. Cortés™"
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- & -Np After Nanoparticles
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Figure S. Recovery curves for (1) the base system; (2) the system after
nanoparticle injection (where 0.5 PV of nanofluids was injected
simultaneously with crude oil, followed by injection of 0.5 PV of n-
heptane); and (3) the damaged system (where 0.5 PV of n-heptane
was injected without the presence of nanoparticles to generate
damage). Other experimental conditions include porosity, 33%;
pressure, 6.9 MPa;, and temperature, 323 K.
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Foamability and Foam Stability for CO,-EOR
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Unpublished work
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Hydraulic Fracturing —

* The high flow rates

(>100bbl/min) and high pressure
in hydraulic fracturing results in
high energy consumption and
pumping power

To mitigate these concerns,
dilute concentrations of polymers
(friction reducers) reduce the
energy consumption, and
pumping power in hydraulic
fracturing by up to 80%

Fluids are recovered while
proppants remain in the

Fracturing fluids are injected
into the well at high pumping
rates which causes fractures to §
form in the formation.

Proppants keep the
fractures open, creating
conductive pathways for oil
and/or gas.

Schematic of hydraulic fracturing’

1 Polymers for proppants used in hydraulic fracturing, Pangilinan et al (2016): copyright © 2016 Elsevier B.V
41

Drag Reduction

@ All flow loop experiments were performed at ~25°C,
80L/min (Re=~105538), and a 0.709” ID pipe

Webinars
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Small Scale LNG Value Chain
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LNG Production Unit

Webinars

Any LNG production plant comprised two main sections;
— Natural Gas Purification

— Natural Gas Liquefaction

TYPICAL FLOW DIAGRAM OF THE SULFINOL PROCESS
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NG to LNG
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Nano-scavenger

LNG
Storage

Mlxed Refrigerant Cycles(M

Pure CO, . 45

NG + 2% CO,

Conventional Technology — Non-Integrated™—
LNG Production Unit Webinars
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Split Flow Integrated LNG Production Unit
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USA Patent, No. 62/636,385 (Pending) 7
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SFI-LNG

GREENER AND INEXPENSIVE PROCESS
REDUCING NATURAL GAS CO,
CONTENT FROM 1-5 MOLY T0 50 PP
WO WATER AND NO CHEMICAL CONSUMPTION
NANOMATERIAL TECHNOLOGY
IN PURIFICATION SECTION
HIGH PURITY OF LNG AND CO, AS BY-PRODUCTS
LESS CAPEX, OPEX, LESS CONSTRUCTION TIVE AND !
LESS INVESTMENT RISK pote (2 e MR
& Byl MIXED REFRIGERANT
RETROFITTING ANY EXISTING OR NEW l4e
CRYOGENIC NGL RECOVERY PLANTS FOR
MAXIMIZING ECONOMIC VALUE

LNG (-163°C)

FEED GAS
CO,+CH,
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Results — Lead Adsorbent
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Unpublished work 51

NG to DME

Methanol (MeOH)

D

irect synthesis

Indirect synthesis l

H,C CH
3 \0/ 3

Dimethyl ether
(DME)

Webinars

DME—
. —Gasoline—»

NG Synga_s CO+Hy— Flscher-Tropsch Produ_ct LPG

Reforming reaction upgrading
—Diesel—»
Base oil—>
O:
7Recycle—rPurge gas—>
—0y—] |—DME—»
Auto-thermal | .. i
NG reformer | ©7'=% 2l= (purification)
—Steam— —Water—»

T;Methanc\A

50
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Process Flow Diagram — 5 metric ton/d DME "=

co;

Recycle gas M 1 i ‘
- o gas D DME tank
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| 3
l Coolant
CO:.
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» Auto thermal l — — | 4+ 1 N |
reformer 4 | 4 ||
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0. | co, | DME | Methanol | Water
column l &lumn l column

Air separation
unit (ASU) 51

Unpublished work

==y Products DME, Methanol, CO, CO,, H, and

0.55 m diameter
and 15 m height
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9 / Catalyst
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Reactents sl Unpublished work 52
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Rate of Conversion of CO at 50bar
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Rate of Conversion
o
fit

0178} 23]} 0584} (0%637

02 03 0.4 0.5

Rate of Off-gas Circle Back
240 & 260 W 270 280

Unpublished work 53

OSPW

0il recovery facility

TOC=450-550 mg/L
Silica=150-300 mg/L
Total hardness=50 mg/L

I Steam generator

‘Webinars

Chemical treatment train
(Conventional technology)

Hethnawi et al (2021). Journal of Water Process Engineering, 43, 102016. 54
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SAGD produced water Treatment
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100
= % TOC Removal I
80 % Silca Removal
T o
2
£
@
:; a0
NPs
o WS-AT i
WS-VR -
0 .
e = =
HTOC=395 ma/L TOC=359 mg/L Toc= 26.7mg/L '
1$102=141 mg/L 5i02:131 mg/L 5i02=12.65 mg/!
—

-

Patent No PCT/CA2021/050255 (Pending)
55

Oil Sands Tailings

Recyclable water

Fluid fine tailings (FFT)

Mature Fine Tailings (MFT)

I
o@ !. =

‘oars
D

Image courtesy: https://www.oilsandsmagazine.com

.
=

Webinars

« Tailings ponds currently cover over
220 km2 of land in Alberta.

» Tailings contain toxic materials
such as naphthenic acids, phenolic
compounds and ammonia.

Mature Fine Tailing (MFT):
*  Water: ~ 60%

« Solid content: 35 - 40%
* Residual bitumen: 1- 3%

56

11/16/2021

28



11/16/2021

L]
=

Enhanced Settling and Dewatering of MFT Webinars

iiﬁ

10000 ppm 20000 ppm

I I ! Patent No. 63/231,083 (Pending)
= N ~

5000 ppm 7000 ppm 57

Commercially anionic PAM
(CAP)

ﬁt

Nanoflocculant ﬁ
|
!

m

.
=

Webinars

200 nm.

Material Oil absorption
capacity (own weight
ratio g/g)
Magnetic particles 100% (Bulk) 15
Magnetic nanoparticles 100% 20
(5 nm)
Magnetic hydrophobic scrolls 53
* Nano-Magnetite 5% ACS Appl. Nano Mater. 2018, 1, 4491-4501
¢ Hydrophobic scrolls 95% Ind. Eng. Chem. Res. 2018, 57, 13065-13076 58
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B-CD Grafted nanopyroxenes for industrial wastewater treatme,n”%

Webinars

Oil & Gas Industry Pharmaceuticals Industry

NanoSoln Inc.: Increasing process efficiency
industrial wastewater treatment.

7
NANOSOLN

30



NanoSoln Inc

NanoFlocculant NanoSorbent

Key Benefits: Key Benefits:
1. >60% Chemical Savings

1. >50% Chemical Savings

2. >35% Cost Savings 2. >57% Cost Savings

3. <30 mins for particle 3. Area of Implementation:

settling & dewatering vs 1-2 - Textile wastewater

days - Tanneries wastewater
- Carpet Manufacturer

4. Environmentally Friendly

Webinars

NanoFilters

Key Benefits: _
1. >50% Chemical Savings
2. >35% Cost Savings

3. Area of Implementation:

- O&G: Disposal Water
- 0O&G: Produced Water
- Mining: Lithium Brine

NANGSOLN

11/16/2021

Oxy-Cracking: A new technique for converting waste hydrocarbon into
valuable product

Complex
organics

Hydrolysis

Carbohydrates
Proteins

Soluble
organics

Glucose
Amino Acids

Acetogenesis

Webinars

Organic
acids

Humic analog

62

31



Oxy-Cracking a new technique for converting waste hydrocarbon into ,;:\
valuable product Webinars

= 100 MT was stockpiled in

Alberta 2016. “ ) 9 s
i

Minerals Recovery

Oxy-cracked products

= 70% in North 2 Solid phase

Liquid phase-

Humic Acids
(Fertilizer)

= Increased Nutrient Uptake
= Decreased Toxins
= Increased Water Retention

11/16/2021

USA Patent No. S 10,883,060 B2

React. Chem. Eng., 2017, 703-5319
Fuel, 2018, 215, 865-878

A scientific-based tec
highly effective and s
convert  carbon-bas¢
valuable products.
Dedicated to providing
flexible, and cost-effect

fields of agriculture and
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Take-home message

Webinars

* Nanoparticle is an enabling technology & not a stand alone one
* Success = Nanomaterials + Process integration @ = & @@Q

* Naturally-derived nanomaterials can be the best choice for
oncethrough process &/

* Process modeling and scale up provide great ideas ® for field
testing and commercialization

* Process and cost limits exist
* Nanoparticles are ? for process improvement

65
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