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ABSTRACT

This dissertation focuses on the design #melapplication of microchemical systems to
understand multiphase flows in upstream hydrocarbon and natural gas productions.

Offshore petroleum and natural gas catastrophes, such as the Deepeaizon spill of
2010, motiatethe needo understandiow to minimize the introduction of potentially invasive
compounds while maximizing their efficacy during emergency remediafioe microfluidic
stabilities of mineral oikeawater multiphase flows in the presence of model dispemsants
studiedfor We< 1. Introducing dispersants at varying dimensionless volumetric injection rates,
ranging from 0.001 to 0.01, transitiorfsom stable slugflow to the bubbly regime.
Dimensionlessmass ratios of three model dispersantsh®mineral oil necessary to establish
emulsions were estimated from 2.6X1® 7.7x10°. Residence time distributions of seawater
single and mineral odseawater mukiphase flows, ladenwith dispersants, were also
investigated. Increasing the dimensionless dispersant injection rate from 0 to 0.01 was observed
to increase convective dispersion, which was confirmed by estimations of the vessel dispersion
numberand the Bodestein number

The depositionand dissolutionof asphaltenes in porous media, an important problem in
science and macromoleculangineering, was for the first time investigated in a transparent
packedb e d mi cr or e a conlime analyec®tB geherate inifimtoughput information.
Residence time distributions of theP Blbefore and after loading with ~29m quart z par't

were measured using inline WV¥is spectroscopyStable packings of quartz particles with



porosity of ~40% and permeability of ~500 mD were obtaifetnperature35.0i 90.0 C), n-
heptanecomposition $0.0i 80.0 vol%), and n-alkane (n-Cs to n-Cy) were all oberved to

influence asphaltenes deposition in the porous mediaealuded dispersion was obtained in the
damaged packeded by estimating disperision coefficients and the Bodenstein number
Deposition by mechanical entrapment dominated the mechanisrinsiceakrios, as discovered

by the simplified KozenyCarman and ©@and permebility-porosity relationships. Role of water

on the deposition mechanism was then investig&tedosity loss and permeability impairment

of the porous media for water mass fransi of <0.001 to 34.5wt% were investigated
Interestingly a switchin the mechanism of water (from 0.030 to 3.18 wt%) on the accumulation

was discoveredAnalyses ofporositypermeability relationshigprevealed competition between
adsorption and desorpti followed by porehroat pluggingvia mechanical entrapment for all

mass fractions of water studid€br the dissolution of asphaltenes in porous meudzmy factors,

such as shuh time, temperature, Reynolds number, arteptane compositionsvere stidied,

and the dissolutionf asphaltenewasinvestigated The work described within this dissertation
undergirds thami cr ochemi c al Ssystéemat ai emppcomidsisp@r & a
asphaltenesMigccioemeeni c plot egst @My al alleesergwnoiaf

treat ment s.
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Crosssectional area
Porositydependent parameter
Bodenstein number

Influent particle concentration
Effluent particle concentration
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We Weber number
| Cement exclusion factor
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f Exponent parameter
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- Single collecto contact efficiency
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=N Initial permeability
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s? Variance

t Residence time
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CHAPTER 1

INTRODUCTION

1.1.0Oil dispersant

The Deepwater Horizon oil spill on April 20, 2010 attracted attention to many researchers,
both from industry andicademia, due to its deleterious damage to the marine and wild life
habitats. It is the worst environmentasaster in the history of the United Stdte’s well-known
remediation technique applied to deal with the spilled oil and protect the wetlands and beaches
was the use of dispersants on the ocean surface and alsovetlttead. Negative consequences
exist when the introduction of dispersants is insufficient or excess. So it is of significant
importance to answer the question of what mass of dispersant is suitable. Severd) amtors
as salinity, temperature, mixing energy and oil weathering, should be considered in determining
the total mass of dispersant needed.

Other remediation techniques to deal with the spilled oil include the usage of, li@onmess,
skimmers, sorbents and $itu burning. However, the use of dispersants is the most convenient
way, especially in harsh weather conditions. The advantages of dispersant use mainly include
accelerating the bacteriadoiegradation process by significantly increasing oil droplet surface
area, allowing for rapid treatment of large ocean surface areas, and making oil less likely to

adhere to wild animals



Dispersants are usilalmixture of organic solvents and surfactants designed to lower the
surface tension. The role of dispersant is to disrupt crude oil slicks into fine droplets that are
eventually biodegraded by natural bacteriBhe common anionic surfactants used in oil spill
include sodium dioctyl sulfosuccinates, potassium lauryl sulfates, and sodium dodecyl sulfates.
Nonionic sufactants usually include sorbitan monooleate, polyoxyethylene sorbitan monooleate,
polyoxyethylene sorbitan trioleate, di(propylene glycol) butyl ether, andprb@anediol.
Dispersant chemistry is complex due to both the environmental concern, andttine flaat

directly influence dispersant efficiertcy
1.2.Deposition and dissolution of asphaltenes

Asphaltenes are typically defined asheptane(orn-pentanejnsoluble, toluenesoluble
component of a crude 8il The asphaltene fraction consists primarily of aromatic polycyclic
clusters and some heteroatoms (N, S, O), and trace amount of metals Nie & V.As the
most enigmatic component of crude oil, asphaltenes are problematic in wellbores, transportation
flow lines and production facilitiéd®. Currently, the essential topics of research in this

important area of science include asphaltenes struttdtesaggregationand solubility

éS, 17, 21-26 3, 14, 27-29
)

behavior , precipitation (orflocculatior) and deposition (or accumulatiéti

dissolutiori®?

and so on. Understanding asphaltene science is of significant importance to green
chemistry and sustaibdity, and tremendous potential exists for microfluidic devices to make
contributions by merging oilfield chemistry and microchemical systems to bridgmaondedge
gap between molecular, naramd micrescale level events and oilfield production.

Many factors, such as changes in shear rate, temperature, pressure and composition may

cause asphaltenes to precipitate and dépdsiphaltenes can deposit almost anywhere in the

production, transportation and storage systems, but the most damaging place as\wedlinere



region. The onset of precipitation occurs at the upper asphaltene precipitation pressure, and the
rate obtains a peak at the solvent bubble pbiSubsequent asphaltene depositeads to the
accumulation of organic material that constrains reservoir fluid flowsere are two
recognized models: adsorption and mechanical entrapind@ie adsorption process is
reversible with asphaltenes desorbing from the porous media as the asphaltenes
concentration in bulk ecreases. Mechanical entrapment (e.g., hydrodynamic bridging) is

a physical blocking process of pores by the precipitated asphaltene particles. Both
adsorption and mechanical entrapment result in the loss of porosity and the impairment of
permeability of he porous media which in turn lower the crude oil yield. Traditional
asphaltenes intervention and remediation techniques are usually economically expensive.
Squeeze injection treatments require shuime and considerable amount of chemicals

that could ptentially impact the local environment. Other mechanical removal techniques
such as pigging are potentially risky due to the possibility of*pigstting stuck. As a
consequence, understanding the precipitation and deposition mechanisms of asphaltenes
in reservoirs to predict the presence and type of trouble zones is necessary to design
remediation treatments that in turn minimize productasses of considerable economic

magnitude.
1.3.Microchemical systems

Microfluidic systems as model laboratory deviceallow for the precise process
control of mass transfer limited systeits. The high surfacéo-volume ratios attainable
in micro-fabricated devices result in fast heat and mass transfers which suggest that
microfluidic systems offer advantages in studying flow and reaction behavior relative to

conventional macroscopic systeihs Consequently,the microfluidic dispersion of



mineral oitseawater multiphase flows atite precipitationdepositionand dissolutiorof
asphaltenes in microchemical reastd*® offers novel approacdisto overcome transport
limitations while discoveringthe nature of the kinetic paramegtethat control the

remediation.
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CHAPTER?2
MICROFLUIDIC DISPERSION OF MINERAL OILSEAWATER MULTIPHASE FLOWS IN
THE PRESENCE OF DIALKYL SULFONATES, POLYSORBATES, AND GLYCOLS

(Green Process Synth013 2, 611623)

Abstract

The role of dispersants on hydrocarbon phase behavior in seawateimgortant problem
that influencesmarine environmenécology.Offshore petroleum and natural gas catastrophes,
such as the Deepwater Horizon spill of 2010, motive the tteadderstantiow to minimize the
introduction of potentially invasive compoundshile maximizing their efficacy during
emergency remediatioThe microfluidic stabilities of mineral oiseawater multiphase flows in
the presence of model dispersamere studiedor We < 1. Introducing dispersants at varying
dimensionless volumetric jection rates, ranging from 0.001 to 0.01, transitivos stable slug
flow to the bubbly regimeDimensionlessnass ratios of three model dispersanttheomineral
oil necessary to establish emulsions were estimated from 26r10.7x10°. Residencdime
distributions of seawater singleand mineral oHseawater mulkiphase flows, laderwith
dispersants, were also investigated. Increasing the dimensionless dispersant injection rate from 0
to 0.01 was observed to increase convective dispersion, whaistcenfirmed by estimations of
the vessel dispersion numband the Bodenstein numbeFfhe observations undergird that

microfluidics are useful laboratory techniques to identify the transition to bubbly flow where



bacteria consumption rates could potehtiake enhancedvhile minimizing the dispersamhass
introduced intacalmseamarine environments

2.1.Introduction

The Deepwater dmbprebn206ij!l 26p0d| Il js regarded
di saster in the hilstoty cafusetleexneneevSndama
wildlife habitats and disrupted the | ives of

protect the wetlands andwhsactches ulseromft hdd spp
well head and on the ocean surface. Tradeof f e
consequences of the hydrocarbon and the disp
hydrocarbon release. Answering the question
principal wunderstanding of therpidfactke dehsai ol
temperatur e, oi |l weat hering, mi xing energy, 3
the composition and the tot al mass of a@itspers
preserve the environment.

Remedi ati omptpddterdi gwesprotect the wetlands a
crudmaionlly tihesagedeof booms, barriers, ski mmer
situ burning. The use of di sper sanctosn veetni teme
especially in hatshoOweaatrheadvannligntid ouwse dil 4 pavri s
rapid treadmean abvedsaoc@aeccel erating the bact el

significanttyophefaasi ageail antadhkkongedi mehte

wi | dd nsfheo,r eRd meecsi ati on di spersants are bl ends
(mi xtures ofi onorci coapdneahns) designed to | ow:
di srupts crude oi l slicks into fatnewadrlepli at s
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Specific examples of the anionic surfactants
di octyl sul fosuccinates, potassium | auryl s u
component s Il ncl ude sor bi teanne ngoonr oboi [teaant e , mo np
pol yoxyethylene sorbitan tri ol eagreqgp adnie(dpiroolp.y I
chemistry is complex in its design because of
the salinnfyhudnsaest Hg.fsfpiecacy

Mi crofluidi acnedglktdmdboratory devices, el uci
conditions needed when absolutely necessary
Mi croftt akeli advraenduacgeed omas s rand mhetmahlta moanesd) 1 g e
model fl ui dncedtmpnioces,cka sl umasc’édt ataito make stud
mul ti phase di spemsdmnmtt i ¥es tt @msd cssovipeeMigicoersd |l ulb at
systems are gener & ypwokcdsessnuambered!| ami haw f | o0\
| engt h®, whd a&lhesi nherently rely on di ffusive mi
microfluidics, however, have been %h¥®Wn to
Consequentl vy, rtihresinca pfplinigd orhecitmani ¢cs i s made
their transitions from segmenfedSdclowisnt or mat
is critical to identify i ntleirgfuaicd asly sstuernisa.c e a
| ne t p ssetnuweg x pl ore fomi theff ur swac tdesghe tienhga n td o
why model di sper s amialb awamtidsie n b.e€h asiso rcsa | c hen
engineering reactor design principdespamrsanus
necessary to remediateThme nwaorak mnésemtaend dleed r ei

part, by the need to minimize chemical addi ti

11



spill)y. Thei mesasi bsldetosnsdmalteegymi cr of |l ui di cs e
mi ni mi ze cheanda atl o ae@dgitneers for mul ati ons basec
2.2.Experimental section
2.2.1. Chemicals

Sorbitan monooleate polyoxyethylenesorbitantrioleate,dioctyl sulfosuccinatesodium salt,
di(propylene glycol) butyl ether (mixture of isomerajydsea saltsvere obtained from Sigma
Aldrich (St Louis, MO, USA). 1,zpropanediol sodium benzoat@ndkerosene (low odor) were
purchased from Alfa Aesar (Ward Hill, MA, USA). Polyoxyethylessebitan monooleatewas
acquiredfrom VWR International (West Chester, PA, USA). Mineddl (White, Light) was
obtained from Avantor Performance Materials (Phillipsburg, NJ, USA)ch&micals were used
without further purification.
2.2.2. Experimental setup

The experimental setup is schematically illustrated in FigureDispersant, mineral oil and
seawater were delivered into a & L microfluidic chip (0.15x0.15x340 mm, Micronit
Microfluidics, The Netherlands) usinthree syringe pumps (PHD 2000, Harvardoparatus,
Holliston, MA, USA ), one 0.3nL glass syringe and tworBL glass syringes (SEG Analytical
Science, Austin, TX, USA)The gringes and thenicrofluidic chip were connected using fluidic
Connect 4515 (Micronit Microfluidics, The Netherlands), 160n .Dl tubing (Perkinelmer,
Waltham, MA, USA),50& m | D t ubi n g Sclehcd, ©ak Hatleog WA, UBA), and
PEEK ferrules (Idex Heath &Science, Oak Harbor, WA, USA). A StereoZoom Microscope
(VWR international West Chester, PA, USA) with a USB digiamera (DV¥500) was used for

imaging. The camera was linked to a computer.
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______________________

Microscope Computer
0.5 ml Syringe : —_
| Dispersant Je=—— {S0iikiii &
| oo ‘ d=150 pm

) ID tubing 3 o,
Syringe pump 4 : g

5 ml Syringe
H T ok
5 ml Syringe

T oo |

20 ml
500 um Fluidic connect and vial

6 ul microreactor chip

500 ym
ID tubing

Syringe pump ID tubing

I
0 2 3 4

1cm

Figure 2.1.(A) Schematidlow diagramof the experimental setumsed to studyhe stability of
mineral oil-seawater multiphase flows in the presence of model disper&dttarapts of (B)
the enlarged 8 Lmicrofluidic chip and (C) the packaged system with fluid delivery and exiting
connectionsre also provided.
2.2.3. Reagent preparation

Seawater was prepared by dispersing§ ®t% sea salts intadeionized water. Using
commercial sea salts provides a reproliecsolution of known compositiomand it minimizes
biological effects. Tabl2.1 shows the typical composition of seawadnodel dispersant was
alsoprepared by first mixing theomponentsaccording to the molar fractiorshown in Table
2.2. Kerosene washen addedo the mixture. Samples were named basedtlugir kerosene
contents Model Dispersant (75 wt% kerosene)Model Dispersant 11(50 wt% kerosene), and

ModelDispersantll (25wt% kerosene), respectively.
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Table 2.1. Typical composition ofseawaer (Salinity= 35).

Component

Concentr
( mmo K ¢

|/
H.O 53600

6
9

COOCO N vRRLRNMNUAM
T oo No &
cCoh®o- - - -
DOk PramnwN o

(ool @) NN

Table 2.2. Molar composition ofmodeldispersantess kerosene.

Chemtcal Name

Molecular Structure

Molar Content

(mol %)

Sorbitan Monooleate HO oH

o 18.0

o O/u\/\m
HO
Polyoxyethylene 0
SorbitanMonooleate O\/\Ojvm 9.5
° 0-"~_-OH
HO\/\O o -OH
Polyoxyethylene OY\/\/\NV\/W
Sorbitan Trioleate 3.1
o/\qL m
OAJ’O
atbt+ct+d=n [O 1OH m
Dioctyl Sulfosuccinate Na*or T’
Sodium Salt P~ o J i 8.7
e}
i
o]

Di(propylene glycol)
butyl ether, mixture of /lvo 10.1
isomers \r\o
1,2-Propanediol 50.6
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2.2.4. Residencéime distribution measurements

The residence time distributionRTDs) of the seawater singlghase and seawateil-
dispersantmultiphase were measured using an inline-\§ setup, as shown in Figu22.
Syringe pumps and BL SGE glass syringes were used to refill seawater and oil into the
microfluidic chip Sodium benzoate witkoncentratiorof 0.04wt% in seawatewas used as the
tracer, and was injected into the seawater pbgs& microscalenjectorbefore the two phases
contact. The distribution of tracer was measured using thé/Id\setup at the outlet of the
microfluidic chip. The microfluidic chip microscale injector and the UVis setup were
connected by 0. 0050 volune.iBoth lanhpe onrthe digitcseurcd weee d e a
allowed to warm up for at least 20min before operating the experiments.

A

5 ml Glass syringe 0.75 um 0.04 wt%

) Back pressure
sodium benzoate

regulator (5 psi)

Syringe pump  0-75 1 l 2 Flow
M i sample loop ~ ) cell

Light source

g 20 ml
Microscale injector h vial
5 ml Glass syringe UV-Vis
: detector
Lo

Syringe pump

Figure 2.2. (A) Schematic diagram afontinuousinline UV-Vis spectroscopy used fd&RTD
measuremest (B) Microscale injector with a (67 Lsample loop (& m o f 0.r6d050 |

tubing) and (C) flow cell with integrated 4@@n ID quartz capillary.
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2.3.RTD theory and dispersionmodels
Residence time distribution (RTD) measurements can be used for charactinmaingr

flow profiles®®*3

, andthe measurements eluciddbe dispersion properties of singdaase and
multi-phase flow in microfluidic systerf{&®. Though segmented flow formed by immiscible
liquids is a welknown phenomenorto reduce the unwanted axial disperéipmow organic
dispersart influence the axial dispersiaf multiphase systems is not fully understo8etter
understandingf the effects of dispersants on the axial dispersion is critically important for the
study of materials synthesis, chemical reaction and enviroahpgotedion.

Residence time distributiofts® are described first to best understand the multiphase flows.

For the pulse injection of a tracer moltecul e

and its variances?, were obtained by,

b

ug —— (2.1)

" — t (2.2
Where the dimensionless timg, is calculated from the ratio of the real timgto the
residence timet, defined as,
o (2.3)

The dimensionless residence time distribution functies), calculated from pulse tracer
experiments offers the direct comparison of the experimental results for different flow rate

conditions®,
0o— — (24)

The ratio of convection to molecular diffusion, the Bodenstein nunBmry
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0¢ — (2.5)
yields principle understanding of the dominant forces that govern hydrocarbon, seawater, and
dispersant phase behavior in multiphaserofluidics. Her€, is the molecular diffusivityu is
the fluid velocity, andde is the effective microchannel diameter. Principle understanding of
convective forces to axial dispersion is also available when considering the vessel dispersion
number,D*/uL, whereD* is the dispersion coefficient aridthe microchannel length. When

(D*/uL) < 0.01 in singlephase flow, the system emulates plug flow, #nd

0 — —Qbf — (2.6)
And,
) : 2.7)
When O*/uL) > 0.01, the system is open and far from plug flevich gives®®,
0— ———Qun— (2.8)
And,
L (29)

The maximum peak heights of eithig(g) curves yield estimations d@*, and hencd3o is

estimated for knowh/dz ratios of 18 by combining®,

: (2.10)

into Equation 2.5). The subsequeBto values provide useful knowledge on the role of molecular

diffusion on mineral otlseawater phase behavior in the presence of dispersants.
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24. Results anddiscussion
24.1 Mineral oil-seawatermicrofluidic slug-length distribution

Mineral oil and seawate wer e del i v er e dluidic chipcatidenticalflo&x € L mi
ratesranging from1to 10 e L/ mi n. No model di spersant wa ¢
experiments. Depending on tllew rates of minerabil and seawater, different slugngth
distributions of two phasewere estimated which is consistent withthe work of otherg® *.
Figure 2.3A illustratesan example ofthe mineral oil slug length images obtainedusing a
StereoZoom Microscopeand the mineral oil slug length numberdistribution cdculated as
Figure2.3B. Here, samples ofre hundred consecutiveineraloil slugs for each flow rate were
chosen toestimatetheir distributions. As the slutgngth analysis shows, the flow rate has
strong influence on the slulgngth distribution. Increasing the flow rate decreasé® slug
lengths of both themineral oil and the seawater phases, as depicteBigares 2.3A and B.
Largerflow rates result in larger rates of pressure buildup, and therefore moreinsgidion of
one phase into the othe\s a consequengboth phasesegmentinto a greater number of slugs
0 One observes that tmeineraloil slugsarea fraction larger than the water slugs, which results
from the hydrophilicmicrofluidic channel surface. There existsthin water fim between the
mineral oil slugs and the microchannel wall. That is to say, the thin water film connects all the
water slugs while all thenineraloil slugs are discrete. The corresponding film thicknbsss
estimated usiny Brethertonoés Law:

N RO W (2.11)

where theCapillary numberCa = mu/g mis the viscosity othe liquid, and gis the interfacial
tensionof theliquid. In our systemthemean @pillary numbeiis on the order of I8(seeTable

2.3) andthe water film tickness estimated by EquatioR.)1) as 0.68 to 3.14m. The mean
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Capillary number is below the critical value 0 so the shear stress alone is not sufficient to

breakup the slugs. Thslug length is determined by the flow rate of mineral oil taedeawater

A Decreasing slug length
(1) Fy=F =1 pl/min (2) Fyy=F ;=2 pl/min " (3) Fy=F ;=5 pl/min (4) Fy=F ;=10 ul/min
* e — e —— T ——r—
0Oil
e ——————————— e p——— S —————————
Seawater >
h e e—————— Sy p——————
— 1000 pm — 1000 pm —— 1006 pm — 1000 pm
B 701
357 (1) Fy=F =1 pl/min C 601
0 v T T o
70 0.8 12 1.6 2.0 24 Increased viscous forces P
354 o 439 2
5 2) Fy=F ,=2 ul/mi =
5ol mr - " % " Slope=2.96x10"
Eions 0.8 1.2 16 2.0 24 THag Pl
Z A a’
A T N S P
(3) Fy=F ;=5 pl/min 7
0 — : T y T 1.5 4 >
70 0.8 1.2 L6 2.0 24 67
354 o” Increased viscous forces
&l (4) Fy=F ;=10 pl/min 0 - y - .
0.8 12 16 2.0 24 0 0.5 Lo 15 1.0

; ; Re
Mineral oil mean slug length, L (mm) Cmean

Figure 2.3. Characterization of mineradil-seawatemultiphaseflow through a microfluidic
devicein the absence of dispersani®) Photographs of meral al sluglengthsobtainedusing a
StereoZoom MicroscopgB) Estimation of the mmeral oil slug length numberdistribution at
different injection rateq/C) Dimensionless characterization of the mean Capillary and the mean
Reynolds numbers.

Table 2.3.Experimentaktonditionsand dimensionless quantity estimates.

(a) (b) (©) (d)
Totalflow rate, k(€ L/ mi n  2.00 4.00 10.00 20.00

Meanvelocity, u (x10° m/s) 0.188 0.376 0.940 1.88
Rénean 0.185 0.369 0.924 1.8
Canean(¥10°%) 0548 110 274 548
Wenean(x10%) 0113 0452 2.8 11.3
U mig) 300 150 0.60 0.30

in our model systeP. Plotting Cameanas a function oRenean yields Figure2.3C. The slope,

CameadRenean= Mi(der @), is estimated to b8.0x10°. Previously reported values estimated for
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toluene dispersed ideionized water of 0.4¥10* (for a T-shaped junction) and 0.880* (for a
Y-shaped junction] ®are indicatios of the charactestic difference of the seawaterineral oil
viscous forcesincreasing viscous forces increases@agcadReneanratio.

Table 2.3 further summarizethe experimental conditions achievedh t hnaicroffuglit
chip and the corresponding dimensionlessufities. Reynolds number ranges frorm9 to 1.8,
and thus laminar was established for residence times ranging from 0.30ma3For mineral
oil and seawater flow rateseach of 500 / mi n (t ot al eLlV onwn) at ¢ hef et O
mean residece time is 0.60nin and the meamineraloil slug length approximately 90@m.
The Weber numbeWe= deru?/g wherer is the density of the liquid, ranges from 0.11 to 11.3
(x10%). Therefore, the liquidiquid surface tension dominates over the ineftieces, and again
slug flow is expected >3 Spilled crude oil on the ocean surface forms a thin film influenced by
interfacial tension, visous, and gravitational forcésin stormy seas, the nesurface turbulence
of waves generates oil dreps though natural dispersioh and We 6>s10 predictsnatural
droplet breakups™ ¢ When one considers calm seas, the thin crude oil film velocity on the
ocean surface is approximately 3.5% of wind sp&edsging from 1.0 t®.0m/s®. Suspended
crude d@ droplets can exhibit broad size distributions in thin films (e.g., 1 to 1GY°.
Estimations of the correspondije dased on previously reported data gives maximum and
minimum values of 1.9xIand 2.4x1C for droplet sizes of irm. Maximumand minimumWwWe
values of 1.9 and 2.4xTGorrespond to 1006m droplets As a consequence, interfacial forces
govern, both our laboratory scale study and calm sea conditions, over inertial #soes. will
soon learn, introducing model dispersants itm® mineral oseawater multiphase flow has a

profound impact on thstability of thephase behavior arah the moleculadispersion.
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2.4.2. Influence of model dispersants orthe slug length
The influence of dispersant on the slug size distribution evaduated in the next set of

experiments. &water analogous to the basecas@sinjectedinto the 6 € Lmicrofluidic chip

ataflowrate of £ L/ mi n. Mo d e | atboirgeptedreacla sepasatelyvat floev rates
ranging from 0.@to 10 L/ mi n . The ¢ ombimmeraoil &nd thevdispessane o f
wasSe L/ mi n i n e acphotdg@jsstof.the Minerat ocdbsawatep raultiphase flav

for different injection rates oModel Dispersant lare shown in Figur@.4. Interestingly, one
observes in the figure @ansitionin the stability as the flow rate othe model dispersant
increasedrom 0.2 ¢ L / r(Higare2.4A) to 0.04e L / r(Hignre2.4B) to 0.06e L / r{Higare
24C). For Model Dispersantl flow rates <0.04 niL/min, uniform mineral oil slugs were
observedAt flow rates >0.04ni/min, mineraloil slug lengths became stochastimcreasing tb
flow rate to 0.20 nL/min dispersedmineraloil dropletsin the continuous seawater phaaad
thusthe mineral oil-seawater multiphase flotook a form ofbubbly flow as shown in Figures
24D, 25A, and2.5B for flow conditions. A stop flow technique wagplied to estimate the
static droplet diameters, ranging from 7 torid@, for the bubbly flow regime (see Figi2é&C)

for dispersant injection rates of 0.8Q/min. Increasing the injection rate to In@/min further
reduced the droplet diameters as shown in Figus®. The transition to bubbly flow, a
significant discovery, is preliminary indication of a critical dispersant concentration necessary to
achievehigh interfacial surface area¥o facilitate better understanding of the transition, we

define the dimensionless dispersant flow r@tg, as,

g — (2.12)

where the total flow rates, is the sum of the mineral qiFo), dispersantKp), and seawater

(Fw) flow rates.
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Decreasing slug length

>
>

A F,=0.02 pl/min C F,=0.06 p/min D  F,=020 ui/min

1000 pm

Figure 2.4. Microscope photographef the mineral oil-seawater multiphase flow through a
microfluidic devicefor different injection rates dhe Model Dispersant I: (Ajp =0.02e L/ mi n
B)Fp=0.04e L/ MC)kp=0.06¢ L / manch(D)Fp =0.20e L / rfAwr 5¢ L / npHo f

Fo=5¢ L / ror all test3.

F;=0.30 ul/min, Flowing - F,=1.0 p/min, Flowing

100 pm

100 pm

€ F,=0.30 w/min, Static Fyy=1.0 pl/min, Static

100 pm

100 pm

Figure 2.5. Photographs ofnineral oil-seawaterphase separation (with Model Dispersant 1)
through a microfluidic devicende flow, (A) Fp =0.30¢ L / randrnB)Fp = 1.0e L / pandc
static conditions(C) Fp =0.30¢ L / mndriD)Fp=1.0¢ L / nwhereFw=5¢ L / randfRp +

Fo=5¢ L / ror all tests

Estimation of the mean slug length{,) for differentQp values (Figure.6) elucidates the
mass of dispersant needed to destabilize the mineral oil slugs. As can be Bepmrer2.6,

increasingQp valuesfrom 0 to approximately 0.003 has influence on |eanvalues for Model
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Dispersant.lHowever, Lneanvalues for Model Bpersants, lll, andlll began to decreaser Qp
valuesof 0.003, 0.0015, and 0.00tespectively.By Qp values of 0.010L mean Of mineral oil
droplets were @26 mm (1), 0.108 mm (I1), and 0064 mm (lIl). The plateau valuaiustratedin

Figure 2.6 revaal that themineral oil slug are stableuntil the concentration othe model
dispersantsare greaterthan a critical concentratianThe critical concentrations oModel
Dispersant, I, and Il areobserved fodispersant flow rates of 0.012, 0.02, an@40rL/min,
respectively.The corresponding dimensionless mass ratios of each model dispersant to the
mineral oilare 7.7x10 (1), 4.1x10° (I1), and 2.6x1C (lll). The resultant ratios undergird that
increasing the kerosene mass fraction increases ritiealc mass ratio whereby emulsion

formation is expected.

1.0
—8— Model dispersant I
0.8 = @- Model dispersant I1
| - - - Model dispersant I11
E 0.6- |
=3 A o
Fo0al L e
7 4.
0 A
ﬂ 1
0 2 4 6 8 10

Figure 2.6. Mean mineraloil slug length (lweay @s a function of the dimensionless dispersant
i nj ect i) measured by dhalyses of microscope images. The transition from stable,
well-characterized slug flows to the bubbly microfluidic regime is illustrated for each Model

Dispersant |, 11, and IlI.
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The mineraloil slugsremain stablgrior to achieving the critical concentratiai dispersant
asthe surface tension decreasesl the dSpersanmalecules construct a monolayer at the liguid
liquid interfaces. Dispersant moleculesccumulatet theinterfaceuntil the critical concentration
is achieved, wherebthe surface tension decreage its minimumlimit and the slugstartto
breakup. As Qp values increasdeyond the critical valugghe dispersant molecules need
additionalmineral oil-water interface to occupy, which results in thensformationof mineral
oil slugs intodispersedmineral oil droplets(i.e., an emulsion In marhe environments, wave
motionsgovern the phase behavior @udeoil slicks. Identifying the critical massaddition of
dispersantghat effectivelybreakup oil slicks intodisperseddropletsis key to minimizing
environmental risks and to maximizing theude oil surfacdo-volume ratio (i.e., maximizing
the bacteria consumption ratéefore crude oil slicks have enough time to reach coastal
shorelines.

24.3. RTDs of single and multi-phase flows

Experimental analysis of dispersion in multiphase miardits, which builds on the
classical residence tindistribution theory previously derived, offers additional insights on the
mineral oitseawater system. As a first step, the dispersion in spigise seawater within the
microfluidic device was investaged.A tracer molecule, 0.04/t% sodium benzoaten seawater,
was injected into the carrieseawatersolvent. Figure 2.7 shows the absorbance of sodium
benzoate in seawater at different concentratidhge. maximum absorbance wavelength of 225
nm was chose to increase the signtd-noise ratio, which improves the precision of the
measurements especially low absorbancd=low rates of seawater singthase flow of 20,

4.00, 1000 and 2000 nlL/min were studiedEstimations of the dimensionless residetiose

distribution functionE(g), by Equation2.4) were made and the resuléported in Figure2.8A
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Figure 2.7.UV-Vis absorbance of sodium benzoate in seawater.
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Figure 2.8.RTD measurements of mineral oil and seawater flg@$ Absorbance as atiation
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and B. Thecorresponding parameters werdcatated using Equation2.6) through 2.7) and
(2.10), and they are reportedTiable2.4. As the flow rate increased from 2.00 to 20t@0min,

the mean residence time decreased f8oBa= 0.19 to 0.85 0.003min (see Tabl2.4), and the

peak width of theabsorbance decreases (Fig@8A) while the peak width ofE(g) curves
increases (Figur.8B). Furthermore, Tabl@.4 confirms that increasing the flow rate increases
the vessel dispersion number ddd because differences between the centerline fleidoity
and the zero wall velocity (i.e., the 43bp boundary condition at the microchannel wall) are
greater.

Table 2.4.Comparison of dispersion for singbdase RTDs at different flow rates.

TotFd lo u 0 o° o  D* [ ( D* Bo
rate (1710 (mi)n ( mf)r (7 t0% s
(E/ mi m/ s)
200 0.18 8.8®.1 3.5 0.010.00 08 8 400
400 0.37 4.4B.0 1.6 0.010.00 2.00 800
1®MO0 0.94 1. 6$@B.0( 0.4 0.020.01 6.97 199
2MO0 1.88 0.8®.0( 0.1 0.030.01 19. 3 398

Dispersion of tk tracer molecule in multiphase flow was next evaluated under the same flow
rate conditions and using Equatio@s4, (2.5), and 2.8) through 2.10). Figure2.8C and2.8D
illustrate the absorbance and the resulttg) curves for total flow rates aif 2.00, 4.00, 10.00
and 20.001L/min. As shown in Figur.8D and Table.5, (D*/uL) values are independent of
the flow rate, which is not surprising in welixed segmented flow. Values d»{/uL) ~0.003,
significantly less than those reported in Tabl®dsinglephase flow,confirm that segments of
mineral oil dispersed in seawater confine the tracer mole€ule resultis in agreement with
previously reported observations for diamid flows*® *° Values ofBo ranging from400 to
4,000 in both the sngle- and multiphasdlows confirms the convective flux to dominate the

diffusive flux in the radial directiorEliminating the diffusive and the convective communication
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between segments in the axial direction, as we will soon see, creates an ide#uichecro
condition that can be exploited to identify when the addition of dispersants breaks up the slugs
into dispersed droplets (i.e., an emulsion).

Table 2.5. Comparison of dispersion for mufthase RTDs at different flow rates.

TotFd lo u 0 o’ O D* [ (U D* Bo
rate (1 1/ < (mi)n ( mH) (T%o

(E/ m) m’ s )

200 0.18. 12g5Q2 1.6 0.00 0.00 0.31 42¢C
400 0.37 5.8B.0 0.7 0.00 0.00 O0.66 85(
1m0 0.94 2. 6.0 0.2 0.00 0.00 1.57 2102
2MO0 1.88 1.2®.0 0.0 0.00 0.00:{ 3.22424

Analyses of the tr acer-ligmdnhirealwiseavater rauttighase b a n c e
flow offer additional insight on the influence of the model dispersants. As shown in Bi§ée
the tracer molecule absorbance injected ihto geawater carrier solvefm the absence of any
model dispersantpenerates a histogram distribution with alternating absorbance from one
immiscible phase to the othdfigures2.9B, 2.9C, and2.9D illustrate the destabilization of the
multiphase segméed flow as Qp valuesincrease fron0.5x10° to 4x10° to 10x10% Not only
does the maximum absorbanoereasewith increasingQp valuesbut stochastic peaks outside
the distribution function also appear as the droplets are dispersgtbtiReg theE(g) curvesby
substituting data of Figurea9A, 2.9C, and2.9D into Equation Z.4) yields Figure2.10. The
maximum of the dimensionless distribution functtbfg) decreaseasQp valuesincrease from 0
to 0.004 to 0.010, which signifies axial communicatlmtween the immcible liquidliquid
segments. Recall that axial dispersion was neither observed in R2g@eand2.8D nor in the
results of Table2.5. As the slugs brealip into dispersed dropletsia the addition of Model
Dispersant I, axial dispam is made possibl&.able2.6 further exemplifies the observation as

the resulting calculate@*/uL) andBo values increase from 3.0x2@0 4.0x10° and from 2100

27



A 08 B 08+

0.6 ‘
£ 04
: z
< <
0.2 ’
0
0 1 2 3 4 5
Time (min)
C 12 D

0.9

£ oo il 1 i ‘ =
£ | Il _2
< i ‘ ‘ <
03 (1
|
| | .
ol DU i
0 1 2 3 4
Time (min) Time (min)
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Table 2.6. Comparison of dispersion for varying dimensionless dispersant concentrations.

Up TotFd lo u 0 O D* [ (U D* v Bo
(T3C rate (1%M/ s (mi)n (T3t s (17
( e/ mi m’ s )

0 10.0 0.94 2. 6.00.0CO0.00 1.57 6. 68 2102

4 10.0 0.94' 2. 430 0.0C 0.00 1.83 5.73280

10 10.0 0.94" 2. &30 0. 0C 0. 00O 2.009 5.02 280

to 2800 with increasin@p valuesin the range from 0 to 0.010. Our general observatiopgast
that chages in the Bodenstein number measured in immiscible Haqudl segmented flows
indicate the dispersairiduced transition from stable slug flow to the bubbly flow regime.
Understanding the criteria, as previously stated, are kayirtonizing environmental risks and
to maximizing the crude oil surfag¢e-volume ratio before crude oil slicks have enough time to
reach coastal shorelines.
25. Conclusions

Chemical dispersants reduce the mass of crude oil that contaminates coastal sithretige

oil spill catastrophe, whicpr ot ect s the wetl ands and the be

Quantifying the mass of di spersants needed i s
environment . Mi crof |l us ela wa ta¢gniap mess s folf ows nelr ad
critical concentration of di spersant exi sts

regiOne. analysis of the mean slug size for dif
rates yi el ds ft hei smpeesssanttitco ani ner al oi | t h
di mensionless mass ratio values aweakeysystesr
that operate Weda thl mAdeasi ¢mnal. knowl edge on t
formalrerude oil systems could potentially 1iden

emergency oil spi || remedi ati on.
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Measurements of theesidence time distributions of seawater singd@d mineral oH
seawater mukphase flows, laden with dispgants,also provide insight on the influence of
model dispersantsincreasing the dimensionless dispersant injection rate was observed to
increaseconvectivedispersion, which was confirmed by estimations of the vessel dispersion
number, the molecular difsivity, and the Bodenstein numbdihe observations undergird that
microfluidics are useful laboratory techniques to identify the transition to bubbly flow where
bacteria consumption rates could potentially be enhanced while minimizing the dispsaisant
introduced into calmsea marine environments.Classical reactor design analogies are
omnipresent towards the discovery of global knowledge that mitigates the severity of
environmental disasters.
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CHAPTER3
MICROFLUIDIC INVESTIGATION OF THE DEPOSITION
OF ASPHALTENES IN POROUS MEDIA

(Cover article in Lab Chip 2014, 14, 20142022)

Abstract

The deposition of asphaltenes in porous media, an important problem in science and
macromolecularengineering, was for the first time investigated in a transparerkegaed
mi cr or eact oonline an@lYBiés)to generatd higfroughput information. Residence
time distributions of thee P B Ibefore and after loading with ~29m quartz partic
measured using inline UVis spectroscopyStable packings of quia particles with porosity of
~40% and permeability of ~500 mD were obtain&tle presence of the packing materials
reduced dispersion under the same velotity estimation ofdispersion coefficients and the
Bodenstein number. Reynolds number was obseteeinfluence theasphaltene deposition
mechanism. For larger Reynolds numbers, mechanical entrapment likely residtgdificant
pressure drops for less pore volumes injected and less mass of asphaltenes beinginet&ined
the same maximum dimensless pressure drop. The innovation of paeked microfluidics for
investigations on asphaltene deposition mechanisms could contribute to society by bridging

macromolecular science with microsystems
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3.1. Introduction

Miniaturization has broadly advancélde physical and chemical rate principles of organic
chemistry, in large part, by providing highroughput knowledge that bridges molecutarel
and laboratorscale understandings. The uléita goalof integrating online analytical analyses
with micros@le devices that yield directly scalable knowledge to-realld scenarios, albeit
maturing, remains a vital limitation of thigeld. High molecular weight aromatics, such as
asphaltenesare difficult to characterise because of the complexity of tlohiemistry.
Deciphering the science of such macromolecidasmatics impacts the sustainability of
upstream conventional and unconventional energy production, chemmcafaifacture,
transportation systems, and the residential emchmercial building industriesTremendous
potential existsfor lab-on-a-chip devices to discover science that directalesup to make
societal contributions.

Asphaltenes are macromolecular aromatics, and similar atoino acid derived
macromolecules (e.gproteins,DNA, etc.) they are challenging to characterise due to their
thermodynami@nd functional complexities. They are the most complex component of crude oil.
As a result, asphaltenes are commonly defia@dhe toluensoluble, lightn-alkanesinsoluble
component of @pecifc crude oil or other carbonaceous materials such as bitumen ahnd coal
They are the heaviest and most polarisal@mponents. Asphaltenes obtained from crude oil
usingn-heptane as a precipitant are usually earloured, fragilesolids with C : H ratio®f ~1 :

1.2 and specific gravity of ~1.Z’hey consist primarily of aromatic polycyclic clusters and
heteroatoms (e.gl, S, O), aswell astraceamountof metalssuch as V, Fe, and Ni. Similarities
exist between asphaltenasd some lower molecular wéigfine chemicals and pharmaceuticals.

Merit exists for the green hydrothermal cracking adgphaltenes into fine chemical and
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pharmaceutical precursorEven after decades of academic investigations, understanolings

asphaltenes structufés, behaviours at heterogeneous interfac8s?*® aggregation and

4,11,16 26 S40|' 42

solubility, precipitationand depositiong’ *° dissolutions,” ** and the characterizatiaof

asphaltenes bearing medid? *° all remain essential topia research in this important aref
science.

Many factors, such as changes in the temperature, pressun@osition, and shear rate
cause asphaltenes to precipitatel deposit on heterogeneous surfadesupstream petroleum
and natural gas production, instabilities of asphalten#sn subterranean porous media creates
the potential toadversely affect production ratés®® Two recognized modelslescribe
asphaltene deposition in porous media: adsorgtimh mechanical entrapméttAdsorption is
reversible withasphaltenes desorbirfgom siliceous and/or carbonate surfaces as their bulk
concentrations decrease. Mechanical entrapment (e.g., hydrodynamic bridging) is a physical
blocking process of pore throats by precipitated asphaltene partRéreediation techniques
have been studd in order to understand how to mitigate the outcomes of either mechanism on
production rate&’ Conventional macroscale laboratory techniques, however, mask the intrinsic
mechanisms and theielationship to asphaltene science.

Microfluidic systems allowfor the precise control of conditions to study chemigtr/. The
high surfaceto-volume ratiosattainable in microscale devices and their reduced characteristic
length scales within heterogeneous systems minimize theaheatnass transfer resistances,
which suggests that microfluid&ystems offer advantages in studying intrinsic flow and reaction
behaviour relative to conventional macroscopic systérii$ie nature of porous media itself

represents highly parallelizedanofluidic and microfluidic chema& reactors. Macroscale

systems are commonly used to capture the science of chewacsibns in porous media, yet
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their noninvasive design overlooks key molecular and microscale, mechanistic information.
Engineering packebded microreactors potentiallyreates a wayo study chemical reactions in
situ when unsteadstate timescales are magnitudes less thanl@gioal equilibrium conditions.
The precipitation of asphaltenes in continuous flmigrochemical reactord.® in our example,
offers a novelapproach to overcome the transport limitations while discovering the scalable
nature of the kinetic parameters that characterise their deposition mechanisms in porous media.
In the present work, microfluidic devices were desigaed fabricated in siliconra Pyrex,
for the first time, todevelop highthroughput understanding of the depositiorasphaltenes in
porous media. Our quartz packledd microreactor with online analyses provides a ubiquitous
platformto study the deposition of asphaltenes in mgrale tortuouslows, which bridges the
knowledge gap between moleculievel events and macisrale reservoir productions. The
porosity loss and permeability impairment of the pormeslia before and after damages were
also studied. Theesults of asphahe deposition demonstrate packed microreactors as
promising microfluidic tools that coulgield mechanistic understanding of high molecular
weightaromatics for a broad cressgction of science.
3.2. Experimental
3.2.1. Chemicals
Toluene and acetondHPLC grade) were obtained from EM@®illipore, USA). Ethanol
(absolute) ana-heptane (HPLC grad@&ere purchased from Alfa Aesar (Ward Hill, MA, USA).
Quartzsand (3040 mesh) was acquired from VWR Internatiof\&lest Chester, PA, USA). All

liquids were ged without furthepurification.
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3.2.2. Device fabrication, layout, and analytics

Empty microreactors ( Ee¢ P Bpolshedvanglerystalasiicon c at e d
wafers and capped with 1.1 mPRyrex wafers. The fabrication process primarily included
photolithography (sphtoating, exposure, and development), desgztive ion etcimg (DRIE),
cleaning, anodically bonding dilicon wafers to Pyrex, and dicing into chips, as shown in
Figure S3.1a of tre ESIL.Figure 31a i |l |l ustrates a dmerdsionsofat ed |
5.0%x1.8x0.21 cm. Here, the microchanné&8@e m i n d e prtirhwiddh.n\Neéar the ontlet,
30 rowsof cylindrical pillars of 266 m i n di a met et mapeetras degctedihthel 20
SEM miaograph of Figure 3b. Quartzarticle sizes were designed such that the largest particle
sizewas less than one fourth tiffe minimum microchannel deptsf 300e m t o avoi d as
ratios that lead to bridgin,i.e.,| ess than 75 &m. T40 enesls quartzt i n g
sands, was grinded by mortar and pestle in the preseneatef. Particles were separated and
collectad using 635 meshnd 500 mesh sieves. The remaining ultrafine particles rgemeved
by ultrasonic bath treatmentMicroscope photogrdys, e.g., Figure 3c. acquired using an
optical microscopeyere used to calculate the quartz particle size nuhbgibution, as shown
in Figure 3.1d. From Figured, mean particle sizes2®9e m wer e est i matied r an
38¢ m. T h e bed was preghred by injecting the ~29mquartz particlesdispersed in
absolute ethanol i n tsyinge. Rigure Be JhBWR thaipmdkaged systend mL
loaded with quartzarticles, which creas a native packeoed microreacto( €¢ PBR) . Figul

S3.1bfurther illustrates the underside fluidtonnections the packaged system.
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Schematidlow diagram of the experimental setup used to study the depositespbélteas in

thee PBR.

The experimental setup used to study asphaltene depssioshown schematically in

Figure 31f. Two highpressurgpumps (Teledyne ISCO, Lincoln, NE, USA) were used to inject

4 g/L asphaltene in toluene (40 vol%) andheptane(60 vol%) at constant flow rates. Inline

checkvalves (IDEXHealth & Science, Oak Harbor, WA, USA) prevented back flofvéhe
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liquids. Two pressureeducing valves (IDEX Health &cience, Oak Harbor, WA, USA) were
installed inline as reliedevices. Asphaltenes d@ved in toluene anatheptane werenixed in a
stainless steel-tlinion within an ultrasonic baffyWR International, West Chester, PA, USA) to
ensure naccumulations upstream of tkeP B R . I nline pressure transd:
Sensing & Control, Golden ValleyyIN, USA), connected to the entrance and exit of the
mi croreactor, enabled online analyses of pres
heated circulating la (Honeywell Sensing & Control, Golden Valley, MN, USAjaintained
t hee PBR t e nthieof &@.00G. A 5 psnbackpressure regulator (IDEX Health &
Science, Oak HarboMWA, USA) maintained constant pressure at h® BR oand it et ,
established flidic resistance in order to minimize tpessibility of microchanneling within the
e PBR.
3.2.3. Measurements of residence time distributions (RTDs)

Residence time distributions were measured using a contimime UV-Vis spectoscopy
system, as shown iRigure 32. As shownn Figure 32a, a syringe pump (PHD 2000, Harvard
Apparatus,Holliston, MA, USA) and 5 mL SGE glass syringes were useuhjezt n-heptane
(carrier solvent) at flow rates of 10.00, 20.@@.00, 80.00, and 1609 Imin. A microscale
injector Figure 32b,Il DEX Heal th & Science, Oa k sHmplebor , \
loop of acetone (20 vol% in-lneptane) delivered thiegacer inline and upstream of tiseP B R .
Axial dispersion of theracer was measured using inline W& spectroscopyFigure 32c,
Ocean Optics, Dunedin, FL, USA) at the outlet ofdghe B R . pedklalesorbance wavelength of
277 nm Figure 32d) was chosen tmaximize the signalo-noise ratio, which improved the
resolution of dilute tracer concentration measuremene. Tmi cr oscal e i njector,

and U\Vis spectroscopy wereterconnected by 0.005" tubing in order to reduce the dead
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volume. The light source was allowed to wanm for at leas20 min before performing RTD

experiments

5 mL glass syringe 1.0 uL Light source Back pressure
20 vol% acetone v  regulator (5 psi)

-heptanef
i ——
v |_, Flow [;}j
Syringe 1.0 puL - 4 1 cell 1
pump  sample loop Packed-bed I Waste
i ) . v icollector|
Microscale injector microreactor UV-Vis detector

(b) \ Fluid -

—
Q.
~

20 vol%

0.6 F
" 10vol%

0.3 i/ sl \

Absorbance

0.0

Wavelength (nm)

Figure 3.2 (a) Shiematic diagram of continuous inline UXis spectroscopy usdd obtain
RTD measurements. (@he mcroscale injector witta1.0e L s amp |l em | ofo p0 .(BO 5
I.D. red tubing) and (c) flow cellintegratedwith a 400e m | . D. guartz cafj

Measurerents of theUV-Vis absorbancéat 277nm) of acetone im-heptane at different

concentrations.

3.2.4. Preparation of asphaltenes

Asphaltenes used in the present study were-tiegtane insoluble fraction of a Wyoming
crude oil deposit provided by NaldEnergy Services. The insolubfraction was then dissolved
in toluene. Passing the solution through a ceramic filter fittgd Whatman no. 1 filter paper
separated the insolubteganic and inorganic material. Nertheptane was combinetith the

filtrate, the insoluble material collected, and tpbeocedure repeated until no asphaltenes
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precipitating out othe solution. The filtered asphaltene precipitates were dhed at 60.0°C
for 24 h. The dried asphaltenes (dadtoured friable solids) were used the present work.

3.3. Theoretical

3.3.1. Axial dispersion model

Residence time distributiotheory and dispersion models leminar flow microreactors have
been previously describ&d.Under opefopen boundary conditions a molecule can phss
bounday several time¥ and the system deviates frgutug flow. The dimensionless residence

time distributionfunction is given a&*°°

Zj (3.1)

0O — ?‘Qdﬁ]
whereD*is the dispersion coeffici¢nu the superficial velocity, and the axial length of
the microreactor. The maximume a k hei ght s of E( d)D*candr v e s

hence the ratio of convection to diffusion (i.e., Bedenstein number, Boud:/" ) is

estimated for knowi/de ratios of magnitude by combining intd®*

- : (32)

Here,dk is the effective crossectional diameter of thmicrochannel, arid is the molecular
diffusivity. Equation(3.1) and(3.2) characterise the extents afial dispersion and molecular
diffusion withine PB R's .

3.3.2. Porosity, permeability, and skin factor of porous media

In packedbeds, important parameters that characterizgptineus media include the length
of the packe¢bed,L, themean particle sizelp, and the interstitial fluid velocityy;,

6 om (3.3)
whereu is the superficial velocity, andl is the porosity othe porous media (i.e., the void
fraction)®®
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Permeability describes how well a given liquid floWtsough a porous me and it is
controlled by pore sizeand their interconnectivity. The owmmensional empiricaéquation
discovered by Darcy continues to be widely adoptbgdengineers and scientists in their

descriptions of porousmedia®’ Permeability can be estimatby Darcy's law®

~

0 —— (34)

which describes the relatiship between the flow rate porous mediaQ (e.g.,m%s or
barrels per day, bpd), tleeosssectional area normal to the axial direction of fléw(m?),
the permeabilityp (m® or mD, andl mD = 9.869233x13°m?), the dynamic viscosity of
t he f (PausiodCp)ang the pressure drop across the padlesticp {Pa or Psi).
In porous media, the presence of solid particles themselves causes the diffusion paths
of molecules to deviate frotheir original trajectories. Tortuosity should be considered to

accurately estimate the role of porosity on diffusion, whiatefined by>*"°
> — (35)

wherelL andLs are the actual length and the straight lergftthe moécule flow paths.
Unliken, D values are challenging to directly measure. An empirical dsityi porosity
relationship for unconsolidated sands has previously Bescribed by?

p) on (36)
where the parameter valuesaiqudion (3.6) areA=1, n= 1 andm= 2.14.

The hydraulic radius between the sand grains can be estimated by,

n

_ (3.7)

n
wheredp is the mean particle size of the sand grains.
The dimensionless van Everdingéturst skin facto, s, commonly used to describe the

extent of subterranean wellbore damage, is definétl as,
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P oy (3.8)

whereh is the thickness of production zone.
Reynolds number in a packéed,Re, is defined as?

YQ

(39)

n
where} is the density of the solvent. Fully laminar conditiangst for Re <10, while fully
turbulent from>2000. EKuation(3.3) through 8.9) charactese the extent asphaltene deposition
withine PB Rs h a flow through theuporous media.
34. Results and discussion
3.4.1. Porosity, permeability, and tortuosity of thee P B R

Characterisations of an Eg PRPBrmédteeastabbshthequar t
dimensionless constraints that govern the rafigidic system. Table3.1 summarizes the
experiment al conditions achi e vdendnsionless tuangity E€ P BF
estimates based on 40 vol% toluamel 60 vol%n-heptane solvent injections. In empty reactors
(Table3.1a), Reynolds nundy ranged from 0.25 to 4.1, and as@nsequence laminar flow was
established for residence timesnging from 0.28 to 4.50 min. Viscosities and densities of

376 capillary numbers

toluene andsheptane at 70 °C were obtained from the worlotbiers’
(Ca u=l/ewhereais the interfacial tension of the liquid) were estimated on the order'df 10

while the Weber numbere =dy & )arangedfrom 0.02 to 6.09x10°. Therefore, surface
tension dominated over the i neCaRealegd@psods wi
estimated to be 0.37x10(seeFigure S32), which is muchsmallerthan a previously reported

value of mineral oil seawater systerffs due to the small viscosity and larger effective

microchannel diameter. Estimation of the same quantfiesP B Regquired first understanding

the porosity of the porous media.
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Ae PBR was characterised in order to establis
microfluidic systems vi&kTD measurementgigure 3.3 and S3.8how the dimensionle$8TDs
of t he Ee¢PRBPRBBRandAst htene f | oEve PiBRt e@snctrleraciegh ftrloe
40.00¢ Umin, the mean residence times decreased from 7.97 + 0.05 to 2.02 + 0.02 min, and
from 5.35+0.03to 1.35+0.02minforthee PB R ( s e e ). The Variaece’$&redsed from
2.13 to 0. 17 fitdecredsdfiem E54tb BIWfortteea BBR ( see ). Tabl e
The magnitudes of variances are indications of fihe p r ef ¢hd distributions.Figure S3.3a
confirmed the shrinkage. The mean volume obtaimech fRTD measurements was 80.2 + 0.6
e lfort he Ec¢PBR aald b&PBtRNe @.s3 remBafroredfid ABRabd e

di fference between the two, 26. 4 ¢L, correspo

Table 3.1. Experimental conditiomand dimensionless quantity estimatesEorP BaRde P B R

(1) (11 (11 (1LV (V) (VI

Tot al fFk (olew nmi - 10. 20. 40. 80. 160

(a)|Mean vel(wotmits - 0.6 1.2 2.4 4.9 9.38

EcPBR Re - 0.2 0.5 1.0 2.0 4.0

Cax 1% - 0.0 0.1 0.3 0.7 1.5

We( x )0 - 002 009 038 1.5 6.0

t(min) - 4.5 2.2 1.1 0.5 0.2

Total fFr(oew mi 8. 0 10. 20. 40. 80. 160

(b)|Interstiu(at 1.2 1.5 3.0 6.1 12 2 &
ePBR|m/ s)

Re( x9o 0.5 .6 1.3 2.7 5.5 11.

z (min) 2.2 1.8 0.9 0.4 0.2 0.1

The resulting packing efficiency and the porosity of theP BR  \Ww&7%eand 41.3%,
respectively. The corresponding Reynahidsnber calculated usingguation(3.9) is reported in
Table3.1b. As isevident in Table3.1, the interstitial velocity within the P B R muehdarger

than the mean vel oci tvglumetric flowrrate. HegnBlds Rumbes inthe he s
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e PBR r foom@.685to 11.0x1G (i.e., <10), and thus laminar flows wereonfirmed for

residence times ranging from 0.11 to 2.25 min.

3.5 —— 10 pL/min
(@) EWPBR 20 wmin
~——— 40 pL/min
2.8 —— 80 uL/min
160 pL/min
o 244
w
1.4
0.7
0.0
0.50 0.75 1.00 1.25 1.50 1.75
0
4.0 —— 10 pL/min
(b) uPBR —— 20 yLUmin
~——— 40 pL/min
3.2 —— 80 pL/min
5 ~———160 pL/min
244
w
1.6
0.8-
0.0 T
0.50 0.75 1.00 1.25 1.50 1.75

Figure 3.3.RTD measur ements ofthed PRE(EE)PBRalanals as a f
di mensionless EeRBR(dhadP@R) ( &h e tflaverhtas maged i c

from 10.00to 160.0s Lniin.

The extent of dispersionandMhesPRBRal Traecdr i eax hbe

in n-heptane singkphasdlows report thedimensionless RTDs of Figu&3.3b, which compares
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E(d) val ues ofas diamédusiica fotdenth snicroreactars givesh )the same
velocity of 1.23 x10* m/s. The maximum peak heights of 3.55 (for thé® B Bnd 2.73 (for the
Ee PBR) vyi el d D¥uW)tusingaequatian(B.5). A® show( in Table 2, (D*/uL) is
1.24x10%wi t hi n t he E&WBIRthesnPdB R7 .f50ir 1 ¢al.23=20f /s Ast y
a consequence, the packing reduaril dispersion. Frorrigure 33a and b, one observes the
maximum peak height decreased with increasing volumetric iéogvfor b6 h t he Eege PBR
thee PBR. The cwlues ef 3fub)uard iepoded in Table3X2. From euation(3.2),
values of were calculated to be 0.85Xfam?%s (for theEe PBR) a n'8m?8 (foBtBel 1 O
e PBR) , wh iBo values.iVallesl &f Bo, raad from 10 to 19in both theEe PBR an d
thee PBR, whi ch conf i r ndeminatedolver diffosive ferces. Onvembsén@s c e s
in Figure 33a and b that the maximum peaks shifted left for bothe Ee¢ PBR PBRd at he
the flow rates increased. Sordegree of backnixing, by dispersion, was likely presemithin
the microreactor&’’

To confirm the reproducibility of the packing efficiendy,o u r ePBR were p
and the porosities determined legtimations of their RTDS" grp). Values of grp,
ranging from 39.1 to 41.3%, were estimated and reported in TaleQuartz masses
withineache PB R wer e al s the aoreegpendingepdrosity 4.8 éstimated
from 38.3 t040.3%. Usingequation(3.4) and 8.6), permeability and tortuosityere al®
estimated to range from 50875 mD and 1.68L.73, respectively. The resultant
diffusivity within ¢ P B R.e, 0.82x108 m%s ) i s |l ess t han ithat wi
0.85x10% m?s), yet of the same order of magnitude. #sown in Table3.2, the
hydradic radii calculated from equatio(B.7) were ~3.2e m. The prepBRsat i ol

with quartz particlesvas highly reproducible.
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Table 3.2. Porosity, permeability and tortuosity of the packed quartz particles

React \% n m n Il B} My
(k) (%) (mg (%) (mD) (™)
EsPBR 8 ON®. - 0 - - 1 -
ePBR 53N®. 41.: 71. 40.3 575 1.6 3.3
ePBR 5B8NQM. 39.1 73. 38.3 501 1.7 3.1
ePBR 53N0. 40.¢€ 71. 39.9 557 1.6 3.3
ePBR 53N0. 39.7 72. 39.2 524 1.7 3.2

3.42. The solubility of the asphaltenes and their deposition is P BsR

As a next step in understanding asphaltene deposition, their solubilishéptane was
measured using inline UVis spectroscopy. The solubility of asphaltenes-imeptane (0 to 90
vol%) in toluene wasnvestigated. Mixtures ofi-heptane and 4 g/L asphaltenes in toluene at
varying ratios were stirred and maintained for 24 h at 70.0 °C before filtration using Whatman no.
3 filter paper. The absorbance of asphaltenes in the filtrates was measured usifig UV

spectroscopy (at 286 nm) and the results shovagare 34 (black squares).

- —g--=w-——100
24---m. e
1.2 A .
m 180 <2
8 0.9- ‘ 70 C E
E - - & - Absorbance 460 -
= P - @ -Precipitated (wt%) @
o 06- s v
o 0. ) N ©
E . " {40 =
< . . g=>
0.3 ) ]
= ) {20 =
. '\ o
N | -
|
0.0 —% 0

0 10 20 30 40 50 60 70 80 90
n-Heptane Volume Percent (vol%)

Figure 3.4.UV-Vis absorbance of asphalteregs286nm in the filtrates andthe corresponding

precipitatedweight percent of asphaltenesvt%) for different n-heptanevolume fractions

(vol%).
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Contaminated filter papers were dried and the mass measured. As dagaren 34, the
precipitated wt% corresponds to differentheptane volume fractions. The absorbance of
asphaltenes decreased from 1.23 to 5.0%49 the voluméraction ofn-heptane increased from
0 to 90 vol%. The precipitated asphaltenes were 93.8 wt% forheptane volumdraction of
60 vol% at 70.0 °C. The relationship between d@m¢icipated solubility of the asphaltenes for
different volumefractions wagherefore established, which enabled the desigexperiments
for asphaltene depositionsesnP BR s .

Depositions of the @aesphalnaegreeds ewWiBtRsi,n deemBR se
were next studied using microscopy. The influence of Reynolds nuiRkgrwas investigated
in the next set of experiments for constant temperature. Asphalterssdvelts in toluene
(concentration of 4g/L) andn-hept ane wer e del i ver plikptanent o t |
concentration of 60 vol % for varyi Rerangiog al f |
from 0.52 to 2.76x16. Figure 35a shows an example phgtaph of the deposition of
asphatlenes in the DePBR bobtamed bydGCD tamera Waluespbr e v
Re> = 1.38x10? and the initial porosity of 40.6% withhhe € PBR wer e esti mat
Figure 35a, no obvious channelling was ebged up to 77.0 pore volumes, as the colour of the
DePBR <changed uni formly. Uni form deposition
conditions and before plugging.

Analyses of f | ui d-characterations further ceecaled the depasit? B R
the asphaltenes withib ¢ P B Rs . S3H shgwsithe influence of the flow rate on the pressure
drop as a function of time, arkigure 35b illustrates the corresponding dimensionless pressure
drop as a function of the pore volumes of 4 g/L asphedtem toluene injected. One observes in

Figure 3.% that Reynolds number influenced the number of pore volumes necessary to obtain
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di mensionless pressure drop values of 225. Th
as the ratio of the inertib-viscous forces increased. Interestingly, TébhBshows that aRe

decreased from 2.76xT0to 0.52 x167 the mass of asphaltenes deposited increased from 1.1 to

2.1 mg. The corresponding damaged porosities were estimated to range fron®.0Q@2ef the
original. The porosity of the DePBR was <calc
which was measured by closing the mass balance (i.e., the difference between the mass flow rate
of asphaltenes in and out of #tawabte dliedoBd] . T h e
tubing were also measured by flushing with toluene. Reynolds number clearly plays an important

role on the mechanism of asphaltene depositio

Re»=1.38x10-2 o,,,,,,,,, =40.6 %, 70°C

(b) 250

N

o

(=]
!

150+

Re,=2.76x10"

100

Pressure Drop, AP/APg
o
o

o

0 20 40 60 80 100 120 140 160
Pore Volumes, t/rp

Figure 3.5. (a) Photographs of the deposition of asphaltenes iDth® BsRbtained using a
CCD camerdor different pore volumegb) Influence of Reynolds number on tdienensionless

pressure drop as a function of pore volume$ @l asphaltenes in toluene injected
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Table 3.3.Influence of Reynolds number @nP BiRRpairmers that generatedsDP B R

Tes Por e RG n I M ot Myaste mdeposirl I S Y0

vol u (x9e (mb) (mg (mg) (mg) o Il (x5
1 68 2.7 39.NO. 520N« 4. ¢ 3.8N0 1.1 0.94 0.00 3.4 225
2 68 1.3 41.7N 580N 5.14.1N0 1.0 0.95 0.00 4.1 134
3 68 0.6 40. 7N 556Nz 5.C4.6N0 0. 4 0.98 0.02 0.8 13
4 68 0.5 40. 4N 557N¢ 5.C 4.8N0 0.2 0.99 0.05 0.3 3.7
5 77 1.3 40.6N560RN1 5.8 4.1N0 1.4 0.93 0.00 6.8 225
6 77 0.6 40.5N 556N« 5. 4. 9N0 0.6 0.97 0.00 2.4 37
7 77 0.5 39.9N 529Nt 5,425, 2N0 0.2 0.99 0.04 0.3 3.9
8 96 0.6 40.3N 550Nz« 7.C5.3N0 1.7 0.92 0.00 12. 225
9 96 0.5 41.1N 570N2 7.16.8N0 0.3 0.98 0.04 0.3 4.2
10 115 0.5 40.5N 550N« 8.2 7.1N0 1.3 0.914 0.01 3.2 15,
11 133 0.5 39.7N 524N¢€¢ 9.8 7.4N0 2.1 0.90 0.00 17. 225

3.43. The deposition mechanisms and dpersion within De P BsR

The mechanism of the deposition process and its impageoneability impairment are
evident upon further evaluatiaf their relationships to Reynolds number. Statisticalligrger
number of asphaltene particles passed through thooat entranes along stream lines for a
given number opore volumes at largdRe compared to smalldRe,, which ultimately lead to
hydrodynamic bridging® At smallerRe, precipitated asphaltenes likely penetrated further into
De PBRs and uni f o dualldiyensianlespressuteidropgincreases.drinegorosity
0SS ( damagd” initiar) Of Table 3.3 was more severe at smallRe> under the samdimensionless
pressure drop of 225.

Table 3.3 also reports the permeability impairmeBlafagé imia) ranging fom 0.001 to
0.058, and the dimensionless skin factor of 0.334d12.7 x18 calculated by equation (3.8).
The viscosity of the mixture at 70°C was obtained from the work ofhers’"*Fluctuations of
the curves ofigure 35b at smallRe> of 0.69 and 0.52x167 are explained by the relationship
betweenthe interstitial velocity and the critical velocity necessary to transport desorbed

asphaltene particles at quartz particle surfaddéisder such near equilibrium conditions,
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previously depositedsphaltene padies desorb from quartz surfaces and begmdwe with the
flow. The pressure drop then increases whernrtresported asphaltene particles were trapped or
absorbed onceagain on surfaces. The overall deposition process was the combination of
asphaltene lzsorption and desorption and asphaltemeshanical entrapmefit.Larger relative
ratios of the inertia tthe viscous forces favour mechanical entrapment.

Anal yses of RTDs of De PBRs and their compa
impairments on axial i sper si on. The RTDs of De PBRs wer e
volumes forRe> of 0.52x10% FigureS35 s hows the RTDs of tBRs EgPBI

One observes in Figur&&35a t hat the maxi mum absorbance o

comparison of the values of the e¢PBR, which i
di fference in mean volumes betwBBn(52e5c¢<RB®R. 8
wa s 1.0 e¢eL, W h i Bghmagd G rvalues of 094.506 The gesult was also

approximated from the mass accumulated of 1.3 mg, which corresponds to a volume decrease of
~1. 1 & damag kil values of 94.5%Figure 36 and Table3.4 demonstrate that in general

axial dispersion increased with increasiRgrTp) values. The same trend was observed for
RerTp)Values ranging from 0.86 xTto 3.44 x16°f or ¢ PBRs (I and 111) a
IV), separately. For a giveRerTp), however, axial dispersion was reduced by the deposition of

the asphaltenes at 70.0AC. No significant cha
the single mode dfigure 36 (i.e., the bybass model does not accurately describe thersys®

The design of e PBRs, their characterizati on,
groundwork for understanding nanofluidic-pya s s por e t hr oat model s t
Such information is ubiquitous towards revealing the relationshighef two deposition

mechanisms and the dimensionless constraints that describe macroscale scenarios.
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Table 3.4.Dispersion withire P BaRd Ix P BsRor different Reynolds numbers

Ui Re(rr O G D*/ ( D* Bo
(x4n0/ < (xHOo (mH)r ( xim s
@) 2.46 0.8 0.8 0.0 0.00 3.60 90
ePBR 9.84 3.4 0.0 0.0 0.01 18.8 360
15.4 5.3 0.0 0.0 0.01 31.4 563
(b) 2.46 0.8 1.0 0.0 0.00O0 3.31 85
DeP B R 9.84 3.4 0.0 0.0 0.01 16. 9 340
15.4 5,3 0.0 0.0 0.01 29. 6 531
357 I ——1, uPBR, Re,_=0.86X10"
v ——1I, DPBR, Re,=0.86X10"
2.8 ——Ill, uPBR, Re =3.44X10
—— IV, DuPBR, Re,_=3.44X10”
—~ 211
(==}
W 14
0.7 1
T A St
0.50 0.75 1.00 1.25 1.50

Figure 3.6. Comparison of ( d ) values as a funcd) ohomnf Ray ma
numbers of 0.86 x16 (I and Il) and 3.44 x18 (Il and IV) withine PBR (1 and | | |

De PBRs (I 1 and | V).

3.5. Conclusions

The deposition of asphaltenes in porousdma, an importanproblem in science and
macromolecular engineering, was ftre first time investigated in transparent packed
microreactors with online analytics to generate Hlgloughput information. Highly
reproducible, stable packings of quaptrticles with porosity of ~40% and permeability of ~500

mD were designed. The presence of the quartz particles redu@ddlispersion under the same
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