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ABSTRACT

The aftermath ofinconventional 0i{UO) accidents highlights the lack of preparedness of
governments to deal withO emergencies. Because bioremediation is considered slow
processphysicochemical treatment processes are necessary in removing contatainants
constrain thespread of oilIn preliminary phase of study, bed systems for adsorption of oil
compounds packed with modified dolomite were applied astrpadément for
bioremediation system&he high affinity of oil molecules tdhe active sites due to
hydrophobic natre of dolomitesurface, as well as low solubility of oil in water, resulted

in rapid process of oil adsorptiomn external surfaceof modified dolomite UO
contaminategitecontain high concentration of polyaromatic hydrocarbons (PAHSs). Thus,
the final phase of study focused dimding enzyme mixture for biodegradation of PAHs
contaminated sites for water and soil treatment. In this regard, screening of indigenous
bacteria, identification of involved enzymes, and biodegradation tests were carried out.
Several combinations of the pselected strains were used to create most prompting
consortium for enzyme production. To minmc situapplication of enzyme mixture,
bioremediation of pyrene contaminated soil was carried out in soil column tests.
Theaverage values of pyrene removal after 6 weeks indicated that the enzyme cocktail can
be an appropriate concentration for soil enzymatic bioremediation in the soil column
systen. A bioinspired device was fabricated as a sustainable remedial method. Our results
showed that after 200 seconds of circulating the enzyme solution 100% of anthracene in
1.5 L of 4.6 mg/L was removed from the beaker did@ddition to the circulation of PAH
degrading enzymes in hollow fiber lumens, aliphatic degrading enzymes confined
multilayer nanofibrous membrane systems play an important role in the removal of oily
compounds.Based on our studies, modified polyimide aerogels were suitable to support
enzyme immobilization. The degradation tests clearly showed that immobilizgchesnz

had biodegradation ability for model substrate in contaminated wa&er. results
confirmed that immobilization of cocktail enzyme mixture enhanced their storage
stability, more than 45% of its residual activity at 15 + 1f8€16 daysThis study ould

set the guideline for the enzymatic bioremediationacimatic pollutants especially

polycyclic aromatic hydrocarbons in highly contaminated soil and water body.
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CHAPTER ONE: INTRODUCTION & RESEARCH OBJECTIVES



PART 1- INTRODUCTION

It is a general understanding that unconventional oil is petretedracted and processed into
petroleum products using the unconventional method. Oil extracted from the oil sands is referred
to asBitumen Due to its high viscosityhebitumenis diluted with lighter petroleum products and
benzenecontaining diluents to produce dilutedumen(hereafter mentioned &slbit). Currently,

the majority of theDilbit from the oil sands is sent to upgrading and refining facilities in Ganad

and the United States of America (U.S.&})out and Wang, 201.7n Canada, oil sands are found

in the form ofbitumeni n t hree main geol ogical zones, name
including the Athabasca, Peace River, and Cold Lake which make up th&atbedt proven oil
reserves in the world, after Venega and Saudi Arabia. The technology of unconventional oil
extraction from the rock, the costs of production, #r@imanagement of wastes and residues
together with the oil transportation from sources are generally more complex and expensive than
traditional petroleum, for exampl& North Africa and the Persian Gulf. Oil generated by the
Bakkenshales is the other unconventional oil source of petroleum that is generally diffenent
traditional crudes, for example, Texas crude®dkkenproduction las also increased in Canada
since the 2004 discovery of the Viewfield Oil Field in Saskatchewan with the advent of horizontal
drilling and hydraulic fracturing technologies.

Despite difficulties in extraction, production and ultimately the transportuafecoil, numerous

oil industries are investigating these sources. This has increased the risk of incidents during the
transportation of crude oils. It is the case in the U.S. with a light oil that has largely come from
tight resource formations in regionsthe BakkenPermian Basin with a prevision of 2 M barrels

per day (bbl/day) in 2025 or Canada with bituminous sand®iag from Athabasca) with
previsions exceeding the 3 M bbl/day in 2024. Multiple factors including aging infrastructure,
ground failires, such as densifications, pipeline incidents, and increased rail transport, that uses
unsafe tanker cars have increased the risk of unconventional oil spill incidents during the
transportation of these hydrocarbdiidA, 2008; Fielding et al., 2010; Gordon, 2012; Speight,
2013; Stout and Wang, 201AVith this rapid development of new supply sources, the other
environmetal problems associated with unconventional oils that have raised concerns over oll
spills include waste generation and leakage from the streamer, underground tanks, and abandoned

bitumen refinery sites. The aftermath of recent higipact oil spill incidats (i.e., The
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Northwestern Ontario derailment incident) highlights the lack of preparedness of governments to
deal with unconventional oil emergenc{€selding et al., 2010)

The inability to timely control the hazards; ctasm the spread of oil, and efficiently protect
polluted zones has been attributed to the differences between unconventional oil and traditional
petroleum characteristics and their behavior in the environment. In order to address these issues,
novel Dilbit/Bakkenspill response techniques classified as chemical and physical/chemical have
been recently applied to decrease the remediation time by: (1) limiting the movement of surface
oil slicks using higitemperature oil booms, (2) reducing the water/ogrifaicial tension using
dispersants, (3) uptake of unconventional oil using superhydrophobic sorbents and magnetic
particles applied in novel absorbent techniques, and (4) separating oil andnwittievithout
additional energy input using hydrophobic shes.(Prendergast and Gschwend, 2014; Ridley,
2018) Moreover, the use of dispersants which makes water resources more toxic than oil has
changed thescenario for spilled oil cleanp. Therefore, the removal of spilled oil from water
resources is still a very topical iss{iitua et al., 2018)Coalescers for oil/water separation are not
appropriate for dispersions that contain surfactants and electrolyteace, among
physicochemical methods, adsorption has attracted much attention in recent years. The
manufacture and use of modular equipnfentcontrol and recovery of oil spills by engineered
adsorption systems using granular activated carbon and organoclay is an example of this
physicochemical method. Due to the low initial cost and low maintenance costs, packed bed
systems are commonly useéd perform separation processes in industrial processes, such as
absorption, stripping, and distillation, and to carry out chemical reactions involving sold
particulates either as a reactant or a catalyst. For environmental water treatment, many studies
using packed beds for the adsorption of oil and VOCs from an aqueous phase are also well
documented in the literatu(Pintor et &, 2016; Refining, 1969; Wang, 2011)

Regarding the biological degradation of unconventional oil, traditional remediation such as
organic amendments using acte@tsludge, dead plant biomass has been applied to enhance the
biodegradation of asphaltene, resin fractions and high molecular weight (HMW) alkylated
polynuclear aromatic hydrocarbon (PAH). However, it was generally thought that hydrecarbon
degrading microrganisms isolated from hydrocarbon polluted sites can only grow on the lighter
components obitumeriBakken not on the recalcitrant asphaltene, resin fractions, and HMW

alkylated polynuclear aromatic hydrocarbon (PAH). Even though biodegradation of these



hydrocarbons has been extensively improved using bioaugmentation and biostimulation (such as
organic/active sludge amendments), integrated methods and mechanisms including
bioaugmentation, biostimulation, and phytoremediation are necessary to be apipipbie the
performance of bioremediation of high concentrations of weathered hydrocarbobguameh

Other biotechnological approaches (such as genetically engineering bacteria, immobilization
method, and enzyme remediation technology) and newly fpoatehtial microbes might also
promote the degradation of recalcitrant componghgamuthu et al., 2013)

In other to develop innovative efficient devices and/ or processes for the recuperation of oil and
attenuation measures, there has been a great need to-gajthnknowledge on the following
aspects: (afate of dangerous compounds during environmental emergencies, (b) integrated
methods for evaluating residual toxicity, (c) methods for understanding biological degradation
while treating soils, and (d) the specific mechanism by which microorganismsddegra
hydrocarbons, biodegradation patterns, the chemistry of transformation products, and their

residual toxicity(Davoodi et al., 2020)

PART 2- PROBLEM STATEMENT

Based on the literature review, certain problems have beetifieie for the current research work

that should be addressed before formulating hypotheses and objectives. In recent years,
remediation companies have applied a variety of technologies to clean up groundwater, soils, and
sediments, including chemical rhetls, thermal treatments, and bioremediation. There is a risk of
additional environmental impacts associated with conventional methods due to the production of
certain intermediates during the process as well as their high cost and energy consumption.
Compared to conventional methods, bioremediation has been found to be more effective,
economical, and less damaging to the environment. In the literature, the biodegradation of
petroleum hydrocarbons, particularly polyaromatic hydrocarbons, is well documiensedite of

this, most studies have reported a low rate of biodegradation.

Since enzymes transform the substrate in a minute timescale, the enzymatic method requires a
shorter treatment period than the microbial method. Nevertheless, enzymatic biodegradation is
hampered by inherent instability and high production costs. Duriegethliscussions, some

technological bottlenecks weidentified,and further research inputs were suggested for making



the overall treatment process more sustainable, economical, effective, antieg@xdtoreover,
bioremediation is more effective for dored contaminated areas such as shoreline pond or
residential area. Thus, most of the physicochemical treatment processes are found to be effective
in removing contaminants as pre remediatiorconstrain the spread of @hd accelerate the

bioremediatio and detoxification.

PART 3- CHALLENGES IN APPLICATION OF ENZYMATIC BIODEGRADATION

Based on the literature review, certain problems have been already defined and addressed for the
current research work; however, some other issues needaidbessed before formulating the
hypotheses and objectives. Different potential approaches for the bioremediation of
unconventional oil were discussed in the literature. Some of the relevant problems associated with

the current bioremediation practicestthaed timely attention are as follows:
1.3.1Toxic intermediate and detection

Some bioremediation treatment methods resultedthie biotransformation of targeted
contaminants into intermediate products despite being found effective in removing petroleum
hydrocarbons. It should be noted that some of these intermediate products are more toxic than the
initial parent compounds, which is why biotransformation is not always a preferred strategy for
the management and remediation of pollutant contamination.eGoestly, biodegradation
should focus on mineralizing the target contaminate into harmless compounds. In order to detect

intermediate products, there are two key points to consider:

A) Intermediate compounds may be volatdemtvolatile, or nonvolatile, requiring a different
detection method compared to their parent compounds. It is necessary to use more than two
chromatography methods in this ca3ée first step in determining all the products formed during

a reaction is through fulkcan mass detection. As a result, each compound can be detected

according to its nature and according to the appropriate protocol.

B) Different samples exhibit different times and conditions for the formation of intermediates, so

sampling should be perimed at different times and under different conditiag.,without or



with shaking).To study the pathway of newly isolated bacteria, the formation of intermediates is

critical.

1.3.2Low efficiency of oil adsorbents at a high concentration of oll

One poblem that arises in practicing the biological method is that toxicity prevents or slows
metabolic reactions as well as the growth of the biomass needed to stimulate the rapid removal of
contaminants. One potential solution is to remove the contamiranttire environment using
nonchemical oil adsorbents and oxidanBioremediation is more effective for confined
contaminated areas such as shoreline poncesidential area Thus, most of the physicochemical
treatment processes are found to be effeciivremoving contaminants as gemediation to

accelerate the bioremediation and detoxification.

1.3.3Challenges in the application of enzyme remediation methods

One of the major challenges in the commercial application of hydrocadgmading enzymes is

their inherent instability. The slow rate of bioremediation for unconventional crude oil might be
addressed by using enzymes instead of the whole microorganism. Enzymatic technoldigges for
remediation of unconventional oils can bspecially suitable for conditions where rapid
bioremediation is needed to mitigate the adverse effects of indigenous microbes. A great deal of
effort has been made to address issues regarding the application of enzymes for soil and water
remediation. Howesr, the production of purified target enzymes is a costly process; thus,

recombinant strains are usually constructed to overproduce the specific enzymes.

There are two points that should be considered for the stability of produced enzyme. First of all,
most of hydrocarbomegrading enzymes such as oxidoreductases have some hydrophobic
peptides since they are membraassociated enzymes. Thus, extraction of them from the cell
might affect their activity and it is necessary to mimic the conditidgheémemlyane to enhance

their activity after extraction. Secondly, these enzymes usually catalyze the exchange of electrons
between donor and acceptor molecules. To perform this function, they employatexcenters

(i.e., amino acid residues, metal ions, andnzymes) that depewth cofactors.Other practical

issues and challenges in the application of enzyme remediation methods such as cofactor

regeneration rates, oxygen mass transfer, overoxidation, and substrate uptake. Me@oxer,



enzymes includingoxygenases (e.g., monooxygenase and dioxygenase) require expensive
cofactors, such as NAD(P)H and improved cofactor regeneration that increase the specific
oxygenase activity of wholeell oxygenase biocatalysts.

The abovementionedproblem together witlthe high hydrophobicity of contaminants such as
PAHSs that makes their diffusion from soil particles by hydraulic flow difficult, inspired researchers

to combine two approaches for the adsorption and degradation of contaminants in soil via a phase
transferprocedure. In other words, the release of substratgs PAHS) into the water from the

soil particles is very slow because tbée hydrophobicity of contaminants; however, innovative
processddevices can accelerate the mass transfer of contaminantseant in little contaminant

left in aqueous phase and more of them can be released from the soil particles under the stress of
equilibrium. A feasible method for contaminant to interphase transfer and subsequent degradation
procedure by providing accef® mass transfer and biocatalyst for degradation is crucial for
contaminant removal.

PART 4- HYPOTHESES

Petrol hydrocarbons are organic contaminants that can be biodegraded by indigenous
microorganisms due to their organic natudmwever, die to the dificulties in biodegrading
polyaromatic hydrocarbonsgemediation alternativesich as oil adsorbents to remmikfrom the
environment as wellas biotechnological improvements, such as enzyme encapsulation,
immobilization and regeneration seepromising methods for increasing bioremediation
efficiency. It is necessary to prove the following hypotheses in order to provide effective

decontamination of polyaromatic hydrocarbons

Hypothesis I Following the oil spil| other alternative methods are neetiedonstrain the spread
of oil using oil adsorbenDolomite is a locally available material, and the surface modification
of dolomite sorbent particles can be carried out to obtain sorbent®ifbit and Bakkenoil
removal. Modified dolomite might outperform other filter media technologies in stdode
applications for the removal of higher molecular weight hydrocarbons.

Hypothesis II: The practical application @il adsorbent# largescale water treatmers limited
due to the difficulty of separating them from aqueous solutitm evaluate the effectiveness of
prepared oil adsorbents, a continuous process must be develdpey both packed and fluidized

bed treatment columns of levest chemical hydrdmbic sorbents for removing unconventional



oil from laboratory synthetic aiin-water emulsions could ensure a proper interpretation of the
laboratory results and determine the efficiency of the adsorption of contamiNedgied
dolomite should be desigd for column operation. It should be plagedppropriately sized fluid
contactor vessels in the same manner as granular activated carbon. Such addottentan
remove oil from water, can be very advantageous as they areoktviocally availald materiad

for effective water treatment.

Hypothesis IIl: The aftermath of UO accidents highlights the lack of preparedness of cities to
deal with these emergencies that is attributed to UO different behavior in the environment
compared to traditional petroleuMore notably, following the Kalamazoo River incidelocal

officials did not discover that pipeline was carryid® andthe submerged oil surprised them

Thus, cvices/processes are needed to target oil below the water surface and provide common
places for degraders and contaminahdlyfish, a marin@animal with umbrelleshaped bells and
trailing tentacles, may have a thing to teach us. Their tentacles covered with sticky substrates
contain triggers that release the stingers. A jellyfish can catch food through a passive process, in
which it floats intathe pieces of food. Taking inspiration from nature to solve environmental issues

is the idea behind the proposed biomimetics in our study. For oil recuperation and attenuation
measures, a jellyfish type of process can be applied by developinglagattand hollow fiber
membranes with immobilized enzymes via electrospinning for bioremediation application.
synergistic effect between membrane adsorption, enzymatic degradation, and ultrafiltration can

be applied for the removal of contamiannt from the mwiwf water using jellyfish like device

Moreover the inherent instability of oxidoreductases is one major challengieeinommercial
application of dioxygenase enzymeSince most oxidoreductases are membiassociated
enzymes, they contain some hydnopic peptides, which can interfere with their activity when
they are extracted from the céllb increase their activity after extraction, various attempts can be
made to mimic the membrane conditidmus, gllyfish-like devices could protect th@roduced
enzymes from surrounding environmeahcapsulation of hydrocarbetsiegrading enzyme using
jellyfish built from multilayer membranesnd hollow fiber membranesould facilitate the

degradation of contaminations.



Hypothesis N: One challenge forin-situ application of enzymatic biodegradation for
decontamination of soi$ the instability of oxidoreductase enzymiesoxidoreductases, electrons

or redox equivalents are exchanged between donor and acceptor molecules. A variety-of redox
active centers are employed by oxidoreductesascomplish their physiological functions. Some

of the most common redox centers angino acid residues (e.g., tyrosine or cysteine), metal ions

or complexes (e.g., Cu, Fe, Mo,-Becluster, or heme), and coenzymes (e.g., FMN; FAD; or
pyrroloquinoline quinone, or PPQJormulation of synthetic bacterial consortia for more
operational stabity in soil as well as the addition of activators can enhance the effectiveness of
enzymatic bioremediation methods fbe land-based oil spis. Coenzyme dependence and/or
signature catalysis of target enzymes should be taken into account when desigryme
formulations. In order to validate enzymatic biodegradation in soil, batch testing, soil columns, as
well as 3Dtank testing are necessary. A soil column test or a tank test can be used to simulate in
situ application of an enzymmixture to predict the consequences of bioremediafidre
formulated enzyme mixture could therefore be produced at different scales (bench to large scale)
and applied to soil and groundwater (laboratory, pilot scale). As a result of theigdalsts,
laboratory esults would be properinterpretedand the efficiency of enzymatic bioremediation

would be determined.

Hypothesis V: Other major challenges in the practical application of oxygenase are high
production cost and their inherent instability. Immobilizatimproves enzymes resistance to a
variety of operating conditionf®ue to their prolonged availability and-usability, immobilized
enzymes are preferred over their free counterparts in biotechnological prodessdtective
method for reducing costs to immobilize enzymes as it enables efficient recovery, reuse, and
recycling, as well as increased stability in harsh operating conditions such as high or low pH and
temperature. In last phase of this projenimobilization of target enzymes on polyienakrogels

can enhance the degradability of residual unconventional oil in the water. Moreover, a continuous
fixedbed process could be employed to resolve potential problems regarding thesdatge

application of aerogel.



PART 5- OBJECTIVES

To demongtate that polyaromatic hydrocarbons can be effectively bioremediated, the following
objectives have been investigated.

Objective 1 Synthesizing lowcost hydrophobic dolomite sorbent for oil spill clagws: Kinetic
modeling and isotherm study

Objective 2: Investigate thefeasibility of packed and fluidized bed treatment columns of
hydrophobic dolomite granules for removing unconventional oil from laboratory syntheitie oil
water emulsion.

Objective 3: Simulation of the jellyfish type process Hdgvelopingmulti-layer membranes with
encapsulated hydrocarbaiegrading enzymes via electrospinning for bioremediation application.
Objective 4: Investigate thefeasibility of enzymatic biodegradation of Polyaromatic
Hydrocarbons contaminated soil ustwd-active enzymes: A soil column study

Objective 5: Investigate thdeasibility of a continuous fixeded column to remove polycyclic

aromatic hydrocarbons by degrading enzymes immobilized on polyimide aerogels

PART 6- ORIGINALITY

The presenstudy comprises of the following original concepts:

V This study for the first time presents the practical application of modified dolomite in large
scale water treatment using a continuous fiked process. Moreover, a comparative analysis

of results withother adsorbent materials has been reported.

V This study will improve existing wateand landdecontamination methods by developing
microbial products for environmental cleanup, fabricating remediation tools by focusing on
formulation and polymeprocessing to accelerate and encourage the removal of pollutants

from affected sites

V In addition, this study reported for the first time the enzymatic bioremediation of pyrene
contaminated site soil with batch and column systems, as well as kinetiarateimt LC
MS/MS analyses of psychrozymes, microbial communities, and biotoxicity tests of the soill

before and after bioremediation. Currently, no studies have been conducted on the
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bioremediation of soil using psychrophilic enzyme cocktails for the congédaification of

cold climate regions or the impact of microbial diversity prior to and following bioremediation
treatmentThe use of soil column tests can mimic the application of enzyme mixtures in situ,
in order to simulate the essentidlaracteristics of the environment and predict the effects of
bioremediation on the environmeAiccording to our knowledge, no studies have been
conducted on the characterization and application of soil column systems for enzymatic

biodegradation of petteum hydrocarbons.

V Our lab study yielded positive results prompting us to proceed with fixed bed columns to
develop an industrial process for enzymatic bioremediation. To the best of our knowledge, no
study is available fothe application of fixed bed domns with spiral baffles for enzymatic
biodegradation of polyaromatic hydrocarbons as a viable remedial optimrstudy method
stands to be a much cheaper and more effective alternative which $engfibnmental
consultants looking for ways tmeet ¢eanup standards without investing large amounts of

money.

V This manuscript proposed an easily scalable and reproducible process for removal of
polyaromatic hydrocarbons and even emerging contaminants sudrkesnazepine from
contaminated water(continuos fixed beds using enzyml@aded aerogels for water

decontamination.

Overall, the originality odituréentedatigntoolpusigéodal r e s e

and natur al mi mi cs for unconventional oi | con

PART 7- THESIS LAYOUT

This dissertation consists five chaptershypotheses andbjectivesas described belaw
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Table.l. List of thesis chapters and corresponding objectives, and hypotheses

Chapters Title for amajor goal Hypotheses Objectives
Introduction andesearch
! objectives ) .
2 Literature Review - -
Treatment of unconventiona
3 oil contaminated water usin¢ Hypothesis land Il  Objective 1and 2
modified dolomite
In-situ application of cocktail
4 enzymes for contaminated Hypothesidll Objective3
soll
In-situ application of cocktail
5 enzymes for surface water  HypothesisV Objective 4
cleanup
. In-situ application of cocktail Hypothesis/ Objective 5
enzymes for watdreatment
. Conclusions and

Recommendations
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CHAPTER TWO: LITERATURE REVIEW
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Abstract

It is a general understanding thatconventional oiis petroleurrextracted and processed into
petroleum products using unconventional means. The recent growth in the United States (US)
shale oil production and the lack of refirsrin Canada built for heavy crude processes have
resulted in a significantncrease in U.S imports of unconventional oil since 2018. This has
increased the risk of incidents and catastrophic emergencies during the transportation of
unconventional oils using transmission pipelines and train rails. A great deal of effort has been
made to address the remediation of contaminated soil/sediment following the traditional oil spills.
However, spill response and cleap techniques (e.g., oil recuperation, s@tliimertwater
treatments) showed slow and inefficigp¢rformance, whernt came to unconventional oil,
bringing larger associated environmental impacts in need of investigagorediation techniques

for this contaminant, can be chemical, physical, and biological treatment. However biological and
bioremediation has attracted moréeation because it is cost effective and environmentally
friendly technology.To the best of our knowledge, there is no coherent review available on the
biodegradability of unconventional oil, includimgjlbit and Bakkenoil. Hence, in view of the
insufficient information and contrasting results obtained on the remediation of petroleum, this
review is an attempt to fill the gap by presenting the collective understanding and critical analysis
of the literature on bioremediation of products from the oil santbishale (e.gDilbit andBakken

oil). This can help evaluate the different aspects of hydrocarbon biodegradation and identify the

knowledge gaps in the literature.
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2.1 Introduction

Unconventional oils are generally definechggdrocarbons obtained by unconventional meals

they are classified into the following groups: heavy oil, eRravy oil, oil sandifitumer) and oll

shale (KerogenjSpeight, 2016)In Canada, oil sands found in the form obitumenin three

mai n geol ogical zones, named Canadads oil san:
River and Cold Lake which make upet thirdlargest proven oil reserves in the world, after
Venezuela and Saudi Arab{&ordon, 2012; Transportation Safety Board of Canada Pipeline
Investigation Report. 2007; Turner, 201The technology of unconventional oil extraction from

the rock, the costs of production and management efewaand residues together with the oil
transportation from sources are generally more complex and expensive than traditional petroleum
e.g.,North Africa and Persian Gulf. Despite these difficulties, the production of unconventional

oil has increased witthe rising price of crude oil after the economic recession in the US since the
beginning of 2009. It is the case in the US with light oil that has largely come from tight resource
formations in regions of thBakkenPermian Basin with a prevision of 2 Matels per day

(bbl/day) in 2025 or in Canada with bituminous sandD{lst from Athabasca) with previsions
exceeding the 3M bbl/day in 2024E1 A, 2015, Radovil et al., 201
Multiple factors including aging infrastructure, ground failures, suctieasifications, pipeline

incidents and increased rail transport that use unsafe tanker cars have increased the risk of
unconventional oil spill incidents during the transportation of these hydrocarbons. With this rapid
development of new supply sourcese tother environmental problems associated with
unconventional oils that have raised concerns over oil spills include waste generation and leakage
from the streamer, underground tan&sd abandoneditumenrefinery sites. The aftermath of

recent high impet oil spill incidents (e.g., spill dBakkenoil in Lac Megantic andilbit from

Al bertads oil i n Kal amazoo) hi ghlights the |
unconventional oil emergenciéSaintLaurent et al., 2018)T'he inability to timely control the

hazards; to constrain the spread of oil and to efficiently protéictted zones has been attributed

to the differences between unconventional oil and traditional petroleum characteristics and their
behavior in the environment. In order to address these issues DliveBakkenspill response
techniques classified ak@mical and physical/chemical have been recently applied to decrease

the remediation time by: (1) promoting biodegradation and limiting the movement of surface oil
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slicks using higitemperature oil boom@&rendergast and Gschwend, 20{2) reducing the
water/oil interfacial tension using dispersaifksja et al., 2018)3) uptake of unconventional oil

using superhydrophobic sorbents and magnetic particles applied in novel absorbent techniques,
(Prendergst and Gschwend, 2014nd (4) separating oil and watersitu without additional

energy input using hydrophobic meshghosravi and Azizian, 2017Moreover, microbial
metabolism of unconventional oil has also been consideredcasteffective process in both
microbially-enhanced recovery and upgrading bofumen and bioremediatio(Ridley, 2018)
However, it was generally thought that hydrocarbegrading microorganisms isolated from
hydrocarbon polluted sites can only grow on the lighter componetisuofieriBakken not on

the recalitrant asphaltene, resin fractions and high molecular weight (HMW) alkylated
polynuclear aromatic hydrocarbon (PA{eshpande, 2016)here has been a great néedain
in-depth knowledge on the following aspects: a) fate of dangerous compounds during
environmental emergencies, b) innovative attenuation measures and the recuperation of oil, c)
integrated methods for evaluating residual toxicity, d) methods fderatanding biological
degradation while treating soils, and e) the specific mechanism by which microorganisms degrade
hydrocarbons, biodegradation patterns, chemistry of transformation products and their residual
toxicity.

In this review, the current stabf knowledge about tHeodegradabilityof unconventional oil in
aquatic and terrestrial environmemss presentedit is necessary to apply multidisciplinary
strategic research to address technical and economic challenges regarding the biodegradability of
Dilbit and Bakken petroleum. This review, thus, discusses the significance of microbes in
unconventional oil bioglgradation and rishased assessment through responses of environment
receptors (ectoxicity and ecological impact) coupled with chemical analyses to study the
bioremediation efficacy.

2.2. Problems of Unconventional Oil

2.2.1.The High Risk of Unconventional Oil spill Incidents

As mentioned previously, technological advancement in hydraulic fracturing and horizontal
drilling caused a spike in unconventional oil well development in 2009 f@roducing states of

the US(Patterson et al., 2017/ubsequently, it raised concerns over oil spills at unconventional

oil wells. For example, A. Pattsonet al. analyzed databases of spills related to 31,481

unconventional oil wells located in the US and reported a spike in annual spill rates (14 and 16 %
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increase in spill rates in Pennsylvania and North Dakota). Given the present situatiamsihert
of these hydrocarbons will also increase, raising the risk levels of spills or releases of chemicals
and wasteg¢Gan, 2017; Huang et al., 2018)gable 11 shows spills attbuted to unconventional

oils that occurred in very close proximity to streams.
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Unconventiona

Tablel.l North Americads Major
) _ Amount
Events Location Oil Year _ Reference
(Liters)
1. A
Rupture in the (Crosby et
i i ATt rosby e
Trans Westridge, Canada Dilsynbit 2007 0.2 Million Y
_ al., 2013)
Mountain
Pipeline
(de
Santiage
. Martin et
2. Rupture in
_ _ _ al., 2015;
the Enbridge = Kalamazoo River, Diluted o
_ 2010 3.2 Million USEPA
Energy us Bitumen ]
. Dredging
Pipeline _
Begins on
Kalamazoo
River)
3. A
Rupture in the Diluted (Deshpande
Arkansas, US _ 2013 -
Pegasus Bitumen et al., 2017)
Pipeline
. (Saint
4. Railway -
) Quebec, Canada Bakken 2013 5.7 Million  Laurent et
disaster
al., 2018)
5. Rupture
in Tesoro o (McMurray
o North Dakota, US  Bakken 2013 0.9 Million
Logistics et al., 2018)
Pipeline
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2.2.2 Oil Spill Location

2.2.2.1 Soil

The condition of the spill location might adversely affect the bioremediation of unconventional oil
spills. For example, the predominant soil types in COSRRamozemandorganicrich lucidols.

( Rad o v i, 2018 For weedthered or crude unconventional oil, the adsorption of higher
molecular weight compounds to these organic fractions of soils increased retention of oil in soils.
Even though the retained oils could be easily removed by reclamation egeashioremediation,

the microbial degradation of adsorbed compounds largely decreased. The region where the
hydraulic conductivity is very high might also cause grewader contamination even if the
unconventional oil spill is low. Pricet al. studiedlandscape restoration in dry Western Boreal
Plains near Fort McMurray, Alberta. They reported the areas underlying a sloping layer of fine
grained materials with low hydraulic conductivity maintained a concentrated plume of crude
unconventional oil in a sa layer with the conductivity of 10m/s. This retained concentrated
plume is very concerning because it can act as atkEmngsource of pollutiofGordon et al., 2018;
Radovi et al ., 2018)

2.2.2.2Ecosystem

Cleanup and recovery from an oil spill is difficult and depends on the ecosystem involved. For
example, wetland areas that cover approximatelge2tentof Alberta are ecologically sensitive

to the oil spill, owing to slow anaerobic biodegradation of sates, such as PAHs and polar
hydrocarbony Radovi | e fAnaadbic envir@nMdn® Jimit the number of microbial
species and slow down the natural attenuation by preventing oxygen from acting assthe m
favorable electron acceptor. Further, the presence of the water might decrease the permeability of
the subsurface so that the retained oil can act as e&domgsource of pollution in the subsurface
(McGenity, 2014; Price et al., 2010)

2.2.2.3Climate

Exploration and production facilities, as well as trangimm activities including pipelines, are
often located in cold regions wheRilbit spills from ruptured pipelines cause more serious
environmentally damaging pollution problems. For many cold region sites, natural attenuation is

probably not a satisfaatp option in these circumstances and petroleum contaminants rapidly
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migrate oftsite. On the other hand, the environmental consequences of bulk extraction and the
cost of excavation varies with a wide range of factors and the removal of contaminated soil a
media for offsite treatment as well as disposal might cause more damage to the fragile wetland

than the oil itsel{Atlas; Manzetti, 2014)
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2.2.2.4Behavior of Unconventional oil in the Environment

Thepatternof ecotoxicity and biodegradation might be different from traditional petroleum in aquatic and terrestrial environments due
to the physicochemical differences between conventional and unconventional oils properties and characteristics amnprebénted |

1.2 (Hodson, 2017)
Table 1.2 Comparison of selected properties for conventiondDilbit and Bakken crudes

Oil Toxicity Adhesion (g/m2)
_ Kinetic Acidit
i Total EPA i L . Lo
Al 4 Composition API Gravity (") Viscosity A Before A‘ﬁ.L'T ""ﬁL‘T Implication
i PAHs ) Initial additional
eaering wea . [CST} [TM\] Release Wcalhcﬁng wcalbcﬁng
(ug'g)
Bitumen _
_ Diluent BTEX According to GC-MS data, Dilb
(Asphaltic) 199-230 0.85- characterized by a hump repres¢
Dilbit 176 20-22 X 98 146 1580 hydrocarbons more resistant cot
50-70% (10- - s o at15°C 43 to biodegradation (cyclic and br
17%) 30-50% 0.56-1.96% hydrocarbons)
Heavy Hyd _ Bakken oil as a tight formation o:
(Asphaltic) Light Hyd BTEX characterized by straight-chain at
Bakken 139 3840 1.9-3.9 0.1-0.2 0 2 9 saturated hydrocarbons (a signifi
. . molecular weight distribution of |
60% (0.04%) 40% 1-3% wax content) and low asphaltene
Convent Paraffins/Nap . , ,
Asphaltic Aromatics Unlike unconventional oils that t
ional hthene iti : i '
514 1 5 003 1 17 1 compositions are na_t publigl_y av
ail compounds present in traditional
6% 30%-49% 15% regulated by quality criteria,
{Brent)
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With regard toDilbit, the US NAS reported that in comparison to other transported crudes, the
properties relevant to environmental impacts otiiiemencomponent such as exceptionally high
density, viscosity, acidity and adhesidiffer from traditional crudes when the @lsubjected to
weatheringNational Academies of Sciences and Medicine, 20M6jeover, there is no good
understandingf the fate of toxic and recalcitrant fractions in an environment following oil spills.
Saintet al.demonstated that the most toxic component8ekkenoil (e.g., the trace metals and
alkylated PAHSs) were very low in the river sediments due to the river currents that prevented the
accumulation of contaminated sediments during spring fl¢8dmtLaurent et al., 2018But,
Hossainet.alreported that gravel sediments with large pore spaces can trap oil for a longer period
of time and are considered as a source of contamin@fiossain et al., 2017Figure 11 shows

the ultimate fate of the plumes for fresh (A) and weathered (B) dibitechen influenced by the
density of the fluid and the hydraulic conductivity of the subsurface, which might change the
environmental engineering option for remediation of these contaminants. In the case of the
weatheredilbit spills on land regarded as dense nonaqueous phase liquids (DNAPL), the plume
of oil will sink and when it interacts with the water table, less eotrated plumes move into the
water table, but the main plume continues to sink into very deep subsurface. From an
environmental health perspective this plume acts as atéwrmgsource of pollution for the aquifer
(Figure.11 B). When the plume reachesthedrock surface, it might flow in a direction opposite

to the flow of ground water. As a result, it can spread in unexpected directions from the leaking
zone(Fetter et al., 1999)
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A micro scale of soil particles

(A) q » DNAPL (B)

Figure 2.1 Subsurface contamination and transport of: (A) light noraqueous phase liquid, such as
traditional petroleum, gasoline andDilbit ; (B) dense noraqueous phase liquid, such as weathered

Dilbit ,
2.3 Potential Solutions
The presence of complex mixtures ofrpeum hydrocarbons, trace metals, volatile compounds
have been reported in polluted sites after spills of unconventional oils, all of which presented high
risks to the ecosystems and human hd@aghSantiagdMartin et al., 2015)A great deal of effort
has been made to investigate the feasibility of applying new technologies of tar sand recovery
(mass transfer practices suchvapor extraction, solvent extraction) to the remediation of soils
contaminated withbitumen and other heavy oil{Prendergast and Gschwend, 201Ah
environment agesy survey conducted in 2009 indicated that about 90 % of the remediation
techniques used on highly contaminated soils, particularly with heavy oils, were civil engineering
methods and biological treatments were not considered as a treatment option in most
casegBrassington, 2008%till no single remediation practice is considered the best option for
removal of two main classes of the major constituents of uncdomahwils including polar
nonhydrocarbons (heawnonvolatile compounds) and PAH from the environmédollhopf and

Durno, 2011; Lacoursiere et al., 201bigure1.2 shows a threeomponent research project that
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will be required to make a decision concerning tlvlrelogies to remediate the unconventional
oil-contaminated site. In fact, a multiple lines of evidence approach is needed to study: a) advanced
physical and chemical characterization of unconventional oilQilbit and Bakkenoils)(Saint

Laurent et al., 2018) b) development of innovative efficient oxidants and -cbhamical oil
adsorbents(Korfiatis and Christodoulatos, 199&)d finally, ¢) evaluation of-situtoxicity (ecce

toxicity bioassay); natural degradation and improvwaimef assisted oibiodegradation. The
assessment of the contamination characterization, ecotoxicity and the impact of unconventional
oil on the indigenous microbial community is required to determine whether unconventional oil
spill could be the worstase scenario of all oil spilléGrant, 2014)-or example, following the
Kalamazoo River incident, local officials did not discover that pipeline was caiitutngenand

not conventional oil. The submerged oil surprised them and the cost of the oil spill cleanup ($700
million) exceeded the companyo6s $ 650 million
event of a rupturéDollhopf and Durno, 2011Multidisciplinary research, thus, could deliver
innovative assessment tools (genomics);@ugineering sustainable cleaning processes and the
ecological impact on the microbial community (analysislé@ rRNA gene sequence or stable
carbon isotope fractionation) as given in Figliz (Logeshwaran et al., 2018)

Response of Env. Receptors

» Bioassays (e.g., Earthworm Plants)
» Biomarkers (e.g., Enzymatic level)
» Bioindicators(e.g., Collembola

» 16s rRNA Sequence
» Other Molecular
methods (e.g., PLFA)

Figure 2.2. lllustration of a multidisciplinary strategic and structuring research approachto

address unconventional oil contaminants.
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2.3.1. Physical and Chemical Treatment

To enhance the efficiency of remediation, a series of physicochemical techniques, such as chemical
oxidation, extraction, washing, and microbial biosorption has Heealoped for soil and water
remediation(Das and Dash, 2017; Gisi, 201As seen in Figurd.3, some of the physical
treatment methods designed to removeomventional oils do not remediate or detoxify toxic
components.

2.3.1.1Aquatic Ecosystem

Recently, the application of functionalized meshes, membranes or granular adsorbents has been
studied to improve existing oil/water separation systems faeodvery following a marine oll

spill (Coene et al., 2018The other treatment method to remediate an unconvehtidrspill on

the water is the use of a hybrid oil sorbent/boom. Waghalrecommended magnetizing oil spill

which could then be magnetically manipulated and capiiWkeaner) They implemented the

simple principle, the addition of naturalbccurring magnetic minerals might form some sort of a
bond with the olil, into an electromagnetic boom. This technique, unlidléidragal boom and
skimmers, target the unconventional oil below the water su(&dweiber et al., 201%or
weathered or crudals that are unable to flow rapidly into a sorbent material, the available external
surface area will determine the performance of adsorbents. Thus, loose strands of sorbent such as
treated peat moss with a greater surface area than a boom might bedetqbetenore effective

with these hydrocarbor{8vVang et al., 2019b)

In order toremediate groundwater pollution, hydraulic control of unconventional oil movement
and oil removal using discharge and recharge wells is the first option. The second option is to treat
the pumped groundwater usiegsitu treatment, such as treatment colsmnhe pumgandtreat

method was very common until 2000, but as the understanding of bioremediation increased, this
method is less favored today. It might be difficult to pump outaitaminated water at a higher
depth. Moreover, the entrapped oil betwesmil particles is never removed and this entrapped
unconventional oil can disperse a low level of contamination for a long time (Figu(&&rcer)
2.3.1.2S0i System

Even though physicochemical methods.g(, dispersants, Hsitu burning, and mechanical
recovery) are the fastest treatments, they have not been considefadretlp and sustainable
approached compared to bioremediation of oil spills. Recemttyreat deal of effort has been

invested in making these methods more environmentally friendly by applying pyrolysis techniques
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(ShiungLam and Chase, 201%). Dominguezet.al studied the application of microwave
irradiation method for drying, pyrolyzing and gasification of valuable sources (e.g. sewage sludge
and used adsorbents that are abundant in the volatile mattergtecenoseful products, such as
gas, oil or cha(Bandura et al., 2017; Dominguea)hus, the sorbed oil might be used and recover

as a source of energy and input for the production of lightweight comp(Bauadura et al., 2017)
Figurel.4 shows d adsorbent applications as an environmentally friendly technique and methods
that allow the recovery of oil, sorbents, and energy. As can be seen in Eguredification of
surface properties is needed to enhance the sorption capacity of oil atsebémat it can be
further channelized to a smaitale pyrolysis plant for making fuel. Sustainable, reusable and
recyclable oil adsorbents are recommended for the removal ebisatl and marine oil spills that
might be applicable to the treatmentspilled unconventional offYu etal., 2018a)To the best

of our knowledge, the feasibility of applying oil adsorbents to remove unconventional oils from
contaminated soils and using them as valuable sources to produce gas, oil or char is not yet

explored

26



Magnetic partic17

Carbonized fiber

Trenches and Dikes

The electromagnetic boom

Oleophilic, hydrophobic
sorbents

The Floatation
Technology

Thermodynamically
Remediation

Electro kinetic
Remediation

Large
aromatic
molecules

Fused
aromatic
rings

Anode (+) e Cathode () \
G

J

UCM: Unresolved CompleMixture.

Figure 2.3. Measurements to reduce remediation time following an unconventional oil spill
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2.32 Biological Remediation Approach

The organic nature of petroleum hydrocarbons including unconventional oil and traditional
petroleum makes these contamirsarduitable for biological degradatioOne important
requirement for the biological process is the presence of micrmi@oorganismswith the
appropriate metabolic capabilities for contaminant removal. Biodegradation of hydrocarbons can
be performed byresuring adequate concentrations of oxygen and nutrients and optini@lagH

and Chandran, 2011 addition to indigenous microorganisms that might have the capability to
degrade petroleum hydrocarbons, there are situations where the use of an exogenous microbial
inoculum may enhance petroleum hydrocarbon biodegradation. This method can introewce a
degradation pathway for enhancing pollutant removal. However, using exogenous microorganisms
can increase the competition between endogenous (native) and exogenous microbial populations.
It can also result in the risk of introducing pathogenic micraoigs and the possibility of
survival of exogenous microorganisms in the new environment; making it a very skeptical
approach(Thornton et al., 2016; Wu)

24 Biological Degradation of Unconventional oils

Unconventional oils bioremediation can be problematic due to the presence of recalcitrance
compounds and their toxicity.

2.4.1 Unresolved Issues

To date, tradibnal soil remediation, such as organic amendments using activated sludge, dead
plant biomass, and other lignocellulosic substrates have been applied to enhance the
biodegradation of residual fraction of TPH and highly recalcitrant PAHs fragifgemuthu et

al ., 2013; Radovil et aloweyer, thésdcdnventdbhabntesagly ar i e
bio-sludge) are not considered a viable stalwhe response option for the recovery of discharged

oil and unconventional oil biodegradation. For example, with regasgpitbof Dilbit into the
Kalamazoo River near Marshall, the analytical methods destrin the United States
Environment Protection Agency (USEPA) report showed that even under optimum biodegradation
conditions, approximately 25% of the viscous sample was degraded in the measured TPH
concentratiofUSEPA Dredging Begins on Kalamazoo River)

Less disruptive strategies, such as natural attenuation and phytoremediation, that reduce the

contaminants by naturally occurring processes, are cruciat wiaaging unconventional il
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contaminated soils. However, regispecific research is required to determine the capacity of
natural degradation to reach cleanup goals. These processes are considered as a management
strategy for lowlevel soil contaminatio. The assessment of degradation at high concentrations
failed to meet strict regulatory standards for reuse of legacy brownfield sites with residual heavy
hydrocarbon contaminantSchreibeet al. evaluated the natural attenuation potentidDitibit by
microbial communities from Douglas Channel waters to mitigate the impacts of a potential
unconventional oil spil(Schreiber et al.2019) They reported that microbial communities were
effective at removing alkanes, while no significant changes were observed for the overall
concentration of aromatic fractions as biodegradation progressed.

2.4.2Toxicity of Unconventional oils

The study of the actions undertaken after the-Mac g a n dBakkeadil spill revealed other

issues regarding the unconventional oil degradation including some disadvantages and limitations
on theeffectivenes®f unconventional oil bioremediatiomhe potential formation of intermediate
compounds which are more toti@nthe parent compounds, as well as the presence of other toxic
contaminants, such as heavy metals are some examples of these limifefanrey Moreover,
bioremediation is not applicable in sites whehagi concentration of inorganic saleydorganic
compounds hinder microbial growth aBdkkenoil spill. Thus, bioremediation should be applied

with a thorough understanding of the metabolic, pathways and the microbial processes involved
to prevent the production of more toxic substan&ssntLaurent et al., 2018)Santiagoet al.
mentioned unresolved issues and requirgsmeéhat may lead to higher initial costs for site
characterization and feasibility evaluation for bioremediafta SantiagéMartin et al., 2015)

They suggested that the chemical monitoring associated with chemical/physical remediation, as
well as microbiological assays are required duringrtipementatiorof bioremediation. Sairst.

al studied the behavior of toxic andcedcitrant fractions oBakkenoil to address the above
mentioned issues. They carried out a full characterization of riverbed sediments atdmk/er

soils in the Chaudiere River to measure the concentration of petroleum hydrocarfe®s)(C

PAHSs, andrace metals (Cd, Cu, Ni, Pb,
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and Zn)(SaintLaurent et al., 2018)They memtioned new issues regarding tBakken oil remediation monitoring including the

threshold of certain pollutants (i.e. some derivatives of PAH). Even though they measured the concentration of arourah@0 PAH
alkylatedPAH, some of these compounds did hate classification criteria. In other words, they were not considered in the criteria for
the protection of the environment due to their lower watdubility and a little was known about the bioaccumulation and the adverse

effects of higher mass PAHs amarine living organisms (Table 3).

Table 1.3 Analytical studies in soil/sediment/marine environment

TPHs (C10-C30)
Trace Metal Concentration Aromatic analysis
analysis
Regulation Headspace GC-MS MS Method GC-M3/HPLC
(soils Capillary GC with flame- techniques Polyeyelic Heterocyclic
contaminated) ionization detection Cd C'n Ni Ph
Aromatic Aromatic
(mgke-1)
% 7
Group 1 Groupl Group3 No toxiciy
Criterion A 300 15 40 50 50 0.1 0.1 10 data or
Criterion B 700 5 100 100 500 1 5 50 heterocyelic
. - ati
Criterion C 3500 20 500 500 1500 0.1 10 00 T

*According to Critersa threshold PAH are classified to three proups:

@ Group 1: 1,3-Dimethylnaphtalene/1-Methylnaphtalene/ 23, 3-Trimethylnaphtalene/2-Methylnaphtalene/ 3-Methylcholanthrene Benzo(ghi)perylene/ Dibenzo(a, 1) pyrene etc.
@ Groupl: Phenanthrene/ Naphthalene

@ Group3: Acenaphtene/Anthracene/Acenaphtylene Pyrene/Fluorene/ Fluoranthene ete.

TPH: Total Petroleum Hydrocarbons;
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Most of the previously mentioned literature was restricted to test the feasibility of attenuation and
fertilization for biodegradation using chemical analysis such as gas chromatography, microbial
respiration (physiological and biogeochemical approaches) and community analysis (e.g.,
genomics analysis). Thus, the fate and toxicity of both parent compauaddsetabolites, in a
mixture or alone has not been studied m(@hintLaurent etal., 2018) Recent reports have
considered ecotoxicological analyses and bioassay to study the effect of hydrocarbon
transformation. For example, Logeshwaraat.al studied constructed microcosm and mesocosm

to investigate the effect of treated sedinsewin biological receptors and provided more
information on the pattern of toxicity during the biodegradation proflesgeshwaran et al.,
2018) The bioassays applied during the biodegradation have been reported to estimate the effect
of mixed contaminants and intermediate metabolites during the-gfean contaminated sites.
Likewise, Yuet.almeasured acute toxicity to study the effect of Ultrazaanmeended treatments

(Yu). Howewer, analytical technologies used in this study could not track the detailed changes in
the composition of organic compounds in water resititainenand they were unable to explain

the reduction of toxicity when DOC including naphthenic acid reductiomati@ccur(Yu et al.,
2018b) The effectiveness of soil/sediment remediation can also be determined using toxicity
evaluation (e.g., phytotoxicity) as well as other bioindicators saghmicrobial community
composition. hydrocarbonoclastic bacteria such A$orkumensisshowed their capacity to
degrade a large number of alkanes, branched aliphatic, as well as isoprgirochrbons, and

alkyl cycloalkanegDeshpande; Ortmann; Schneikdrjconsistent information and contrasting
results regarding biodegradability of unconventional halve been attributed to the lack of
treatability results throughout all these studfeaintLaurent et al., 2018; Warelt might also be
associated with thaifferencein the experimentadetup and varied nutrition concentrations which
have been reported to be important to reach maximum biodegradation rag¢sl.Yeported that
inconsistentinformation could be attributed to the different types of inoculum source, the
compositionof microbial enrichment and surfactants applied that could affect the enrichment of
microbial communitiegYu et al., 2018h)As can be seen in Tallel, some literature has reported

the biodegradation dbitumenand Bakkenoil as not being consistent with others suggesting

limited degradation
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Table 1.4 Constant rate results obitumen biodegradation

1.53/09.89% 0.24/9547%

Dilbit (AWE) Non-Amended seawater 22 13 0.0014 0.0011 ND
Dilbat (CLB) Non-Amended seawater 22 13 0.0011 0.0003 ND
Seawater! BH/Disperzant (AWEB
_ ) 22 42 0.14/99%  0.002/20% ND
o chemically dispersed)
Dilbit (AWE)
Seawater/BH (AWE naturally ]
_ 22 42 0.11/99%  0.0011/10% ND
dizpersed) {Deshpande)
Seawater’ BH/ Dispersant 22 42 0.099/ND 0.004ND ND
Dilbit (CLB) Seawater/ BH (CLE naturally _
_ 22 42 0.099/ND 0.005/ND ND
dizpersed)
Costal
Dilbit (AWE) . _ _ 4 5 0.023 ND ND
microbes/Ammonium Phosphate (Deshpande)
Dilbit (AWE) Coastal mierobes/Nirate Phosphate 4 5 0.0233 ND ND
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2.5 Bio-Stimulation

One of the bioremediation approaches to address the -atenv#oned issues regarding the
removal of two main classes of the major constituents of unconventionahdusling polar
hydrocarbons and PAH from the environment isdtimulation. The biestimulation is a method

to adjust environmental conditions (optimization elNEP relationships) so that the transformation

of contaminants can be increased by indigemaiggsobes(Nwaogu) Unlike the food industry

where extensive sterilization is required to minimize the level of microbial contamination before
inoculating hem with appropriate bacteria, the bioremediation is usually carried out by applying
physiologically adapted native microorganisms present in the affected areas to remove petroleum
products by adding nutrients, dispersants, surfactants, and fertilizers.

2.5.1 Oxygen Accessibility and Nutrient Content

Bioventing is an example ah-situ biodegradation for bistimulation of indigenous aquifer
microorganisms by drawing oxygen through the soil. This technology is primarily designed to treat
soil contamination by nehalogenated volatile organic compounds, pesticidedherbicides.
Howeve, following the Bakken oil spill in LacMegantic (Canada)bioventing along with
nutrient addition and inoculation with allegrading bacterium was used to cleaBakkenoil in
unsaturated soil in several platforms due to low concentration of heasisnatd inorganic salts

in the sitegde SantiageMartin et al., 2015)This study also indicated that while physicochemical
factors (e.g. metals, nutrition, and temperature) are important in the activity of microbial groups,
the rate and extent of unconventional oil degradation strongly depends on previous exposure of
the consortia to hydrocarbon contaminants. Agatral studied the effect of inorganic NPK
fertilizer and oxygen release compound (hydrogen peroxide) and their combination on the kinetics
and the extent dfitumenbiodegradation using autochthonous microorganisms in the soil resulting
in 55 % TPH removalAgarry). The introduction of pure oxygen to soil and injection of hydrogen
peroxide has been suggested darass the issues regarding the inefficient air permeability of
contaminated soil which provided sufficient oxygen for aerobic biodegradation. In this study, they
assumed that the remediation of soil contaminated itmencan be expressed in terms of
reduction in TPHs rather than risk reductituee) However, the ecotoxicological assessment
revealed that a reduction in TPH load could not be linked to a reduction in residual toxicity. They

also applied gravimetric analysis to esdbmthe extent of utilization of the TPH in thikumen
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Nevertheless, thgravimetricanalysis cannot be accurate due to the fact that it does not indicate
whether compounds of aromatic, asphaltene, alkanes have been degraded or not.

The effect of tempetare on the efficiency of the bistimulation method for biodegradation of
Bakkenoil was studied on affected urban soils in{Megantic. Diaz Sanet al.reported that the
bio-stimulation method enhanced the extenBakkenoil degradation, especialfpr mesophilic
microorganismgDiaz SanzHowever, they did not compare the effectiveness of other commercial
fertilizers and other common methods, such as bioventing. Recently, Cetbantompare the
biodegradation rate ddilbit using microbes enriched from seawater and freshwater and studied
the effect of inorganic nutrient concentrations on coastal microbial community respdriletto
following an oil spill (Table5) (Cobanli) They reported that the coastal microbial community
enriched by marine ecosystems degradeibit (20% PAH removal) less effectively than
freshwater microbial communities which were exposdiltait following apipeline spill in 2010

(up to 98 % PAH removal) (TabBE. Yu et al. evaluated the impact of labile organic substrates
that are considered to stimulate hydrocarbon degrad@éfioret al., 2018h)They studied the
microbial activity and the change in dissolved inorganic carbon, as well as insoluble hydrocarbons
to demonstrate the effect of the addition oftatee on the degradation of heavy and light
compounds(Yu et al., 2018alt had been reported that acetate accumulation and competition for
electron acceptors resulted in a delay in biodegradation. Howevet,afdid not observed that
theinhibitory effect of acetate on recalcitrasgradation due to the difference in redox level or
several metabolic pathways of various hydrocarbonbittamen (Nopcharoenkul; Yu et al.,
2018a) Table5 summarizes the results from various recent research studies that have investigated

the effectof nutrient addition on the extent and rate of unconventional oil degradation.
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Table 1.5 The efficiency of biestimulation treatment on bioremediation of unconventional

petreoleum
Nature of _ _ Nutrients Removal
Effect on biodegradation N o Reference
Pollutant Addition Efficiency
_ Nitrogen
Removal of toxic N
Extracted . addition 53% _
_ hydrocarbons originated _ o (Li)
Bitumen ) (ammonium toxicity
from bitumen _
nitrate)
. Simulation of 34% heavy
Residual _ _ _
_ bitumerhydrocarbon Sodiumacetate fraction > (Das)
Bitumen
degrader growth Cso
Nigerian Significantly enhancement of NPK fertilizer +
é(metlcs .and extent ofblrurn_en Hydrogen 61% TPH (Clegg)
bitumen egradation cotqpared to being
used singly Peroxide
. 20 %TPH
Bakken Fertilization could manage
polluted urban soils when the NH4NOs + @ 18°C
petroleum temperature dropped below 10 °C (Tamas)
] due to a limitation of KoHPOy 12%TPH @
shale oll macronutrients N and P o
20~C
81%
Asphalt in
Asphalt in The addition of glucose, malt liquid
. extract, and polypeptide did not o4 . .
bitumen induce enzyme production Mn=" + H202 medium (Shi)
mixture significantly. 24%
Asphalt in
Soil
Freshly collected surface Inorganic
. seawater used to set-up . . 96%
Dilbit : : micronutrients (Kolenc)
microcosm reduced any possible Alkane
effects of changes in nutrients in seawater
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2.5.2Surfactants (Chemical and Biological) and Dispersant

The addition of dispersant might stimulate the growth of hydrocarbon degraders by increasing the
bioavailability of hydrocarbon compounds. For example, Booksttvaireported that noionic
surfactants can enhance the growthAdborkumension crude ol (Bookstaver et al., 2015)
Moreover, the main ingredients of dispersants (e.g. glycols, dioctyl sulfosuccinate, and light
petroleum distillates) mightesve as a substrate for microbial growth. Interestingghreiberet

al. reported that the dispersant appeared to stimulate the enrichment of genera associated with
Dilbit degradation.(Schreiber et al.,, 2019As mentioned earlier, the biodegradation using
microbial communities might not target toxicity that is due to methylated or more thasnitigee
PAHSs fractions of oils. Thusufure studies are necessary to study the evolutiBakienoil and

Dilbit toxicity during the course of incubation in the presence of dispersants. Experiments were
also recently carried out to characterize the optimal conditions for biosurfactant poduct
microorganisms growing on heteroatompolyaromatic compounds to enhance aromatic
component degradation. For example, Eical. reported favorable growth conditions for the
production of surfac@active compounds for a sétlseudomonastrain requiring an elevatedtG-

N ratio and limiting iron concentratidipeziel)

2.6 Bioaugmentation

This strategy may be used in different situations, for instance in areas requiring longer acclimation
period e.g. cold region@liri et al., 2018)where the number of specific petroleum hydrocarbon
degraders is low, and in the presence of recalcitrant compounds. In the case of urcahwéint

the commonly used methods for bioaugmentation are the addition of: (1) recalcitrant degrader
strains; (2) consortium of different macro and miorganisms; (3) genetically modified
microorganism; and (4) emulsifigroducing strains. The effeée¢ness of this method is variable

due to the fact that the survival ability of introduced microbial communities, enzyme activity and
stability depend on environmental conditightsokawa et al., 2009)

2.6.1. Unconventional OilDegrading Microorganisms

Microorganisms (e.g., fungi, yeast and bactenaqy have different preferences during
biodegradation. It was reported that the bacterial communities were responsible for the degradation

of saturated and partially aromatic hydrocarb(isshpande, 201®eshpande et al., 201 As
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for the fungal community, it was reportedttansformHMW PAHSs (six or more aromatic rings)
as well as the asphaltengternanded.opez et al., 2016)
2.6.1.1Bacterial Strains

Most of the literature omilbit/Bakkenoil degradability has mainly focused on the growth of
hydrocarbordegrading microbes in the lighter componentdbitdimeriBakkenoil (not on the
recalcitrant asphaltene fraction res{@chreiber et al., 2019Thus, the assumption is that the
polar oil compounds were not biodegradable and recalcitrant fractidtsimnendid not support
bacterial growth. For exampM/yndhamdemonsgrated bacterial colonization bftumensurfaces

but microbial activity and degradation bftumenhave not been experimentally observed as
reflected in anumberof microorganisms (Wyndham and Costerton, 1981 potential cost
effective solution that is greatly needed to increase the detoxification of unconventional oils might
be to detect andsolate bacterial from oil reservoirs for degradation of fractions with structural
complexity and high viscosit§Schreiber et al., 2019; Wang et al., 201Sbijne of these bacteria,
such as\.borkumensiSK2 might be enriched Dilbit andBakkenoils under natural and asted
conditions to analyze the TPHSs in the enrichment cultures. Most recentlgt@haand Zhouet

al. demonstrated the ability ¢f. aeruginosaand thermophilidGeobacullus Stearothermiphilus
strains to degrade HMW fractions including resasphaltenes and alkyl derivatives PAHSs that
are considered as subfraction of unconventional di®se microorganisms can break the
chemical bonds between monomers, such as naphthenic or aromatic rings-nmiyisedhpounds

or by secreting enzymes pragitlag surfactant and biemulsifier. Earlier literature has proven the
biodegradability of asphaltenes and resin using bacterial sBadillussp., Corynebacteriursp,,
Bacillus sp., Revibacillussp., and Staphylococcusp). However, the efficiency ofsphaltenes
biodegradation (e.g., the percent removal of asphaltene and biodegradation kinetics) was low
compared with that of light fractions of the crude (@lo; Zhou) Gao et.alreported that the
dominant goups of bacteria with a significant applicationnmcrobially-enhanced oil recovery,

that belong to the geneRseudomonas, Clostridium, BacilludAcinetobactermight emulsify

and degrade heavy oil fractions more efficiently-f&%6 of crude oil adgaltenes)They reported

that some of these bacteria could be cultured under aerobic conditions on individual growth
substrates (i.e. BTEX and PAHBaquiran; Gaq)
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2.6.12 Fungal Community

The fungal community can remove recalcitrpolar hydrocarbons, such as asphaltene and resins
by applying enzymatic and/or n@mzymatic reactiondeixoto)Hernandezd opezet al for the

first time investigated the fungal transformation of asphaltene and various PAHs with six aromatic
rings including benzo (g,,h) perylene, indeno (1,2&d) pyrene, and coronene bigosartorya
fischeri They showed the role of cytochrome P450 system (C¥R) monooxygenase in the
oxidation of the recalcitrant compoufidernanded.6pez)According to the assessment of PAHs
contamination in the Riverbanks of the Chaudiere River three years after thHdegaatic
Railway disaster, the concentration of these PAHs exceeded the acceptance criterion B level (not
the criterion C limit which is ansidered a high level of contaminatiofijernandeZ.6pez;
MDDELCC; SaintLaurent et al., 2018)hus,this fungusmight be applied in biodegradation of
heavy oil containing HMW PAHSs. Hernandetzal. also reported the involvement of intracellular
CYP enzymatic system in the transport mechanisiNedsartorya fischeriHernandea.6pez)

Most recently, it has been reported that newly formed potential microbes (i.er@tHiggminolytic

fungi ) might be more efficient than those applied conventionally for unconventional oil
biodegradation due to thestrong capabilities for the initial transformation of heavy PAHs and
other complex structures, such as hefmstyaromatic hydrocarbons and alkyl chains. For
example, Liet.al reported 45% biodegradation of phenanthrene and 90% of benz[a] anthracene
underin vivo conditions by whiterot fungi nonselective peroxide enzymes. This is probably due

to its mechanism of ligniegrading, via unique extracellular, and nonspecific oxidative lignin
modifying enzymes (i.e. lignin peroxidase, manganese peroxidassgtike peroxidase, and
laccase)(Li)

It is reasonable to make the hypotheses that unconventional oils might select different
microorganisms than conventional ddiodegradative gene analysis might help us to gain an
overview of the restriction of eilegrading bacteria in geographic disttiba.

2.6.1.3Biodegradative Gene Analysis

The recent improvement in the science of gene expression of microbes (i.e. metagenome,
metatranscriptomics, microarray gene expression data, reattlime PCR) shows that
metabolically versatile and pluripotent bacteria genégay., Alcanivorax Rhodococus,

Pseudomonag;orynebacteriumandBacillus) can be considered as unconventionatletjrading
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microorganismgBrakstad) Most recent studies have applietetatranscriptomic$o provide
evidence suggesting the capacity of indigenous bacteria in the tailings to dégraden
aerobically. The gene sequence of hydrocatbegrading bacteria might yield unprecedented
insights into the bacterial capacity for unconventional oil degradation. Susanne et.al showed that
A.borkumensiSK2 has a streamlined genome with a plethora aégancounting for its efficient
oil-degradation capabilitie€Schneiker et al., 2006 able 6. summarizes microorganisms and

microbial genesvolved in unconventional oil sufbactions degradatio
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Table 1.6 Degradative gene(s), enzymes and detective methods involved in the degradation of

unconventional oil subfractions

Natureof  Isolation Detection ~ Referen

Microorganisms Genes Enzyme /Protein
pollution location Method ce
HMW- 3
o Cytochrome P450 Maya, (Hemin
N. fischeri o CYPIAI gene MONOOXYgenases, PAHs/ Mo cMicroarray  dez-
ERIET EXICO
o Flavin binding Asphaltenes Lépez)
MONOOXygenase
Microbial community (i.e. o Alkane
. Syncrude
Acidovorax, Rhodoferax, o alkB, MONOOXYygenase, _
Pseudomonas and . Nah o Naphthalene Bitumen  Canada qPCR (Yu)
Pseudoxanthomonas dioxygenase Lid
5pp)
ND: No Data
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2.6.1.4Microbial Consortium of Different Micro and Macro-Organisms

The literature presents strong evidence that the introduction of a large number of exogenous
microorganisms into a bitreatment system will promote the biodegradation of high molecular
weight hydrocarbon@Boonchan et al., 2000; Wong et al., 2015; Zhou et al., 2&8)and water
community analysis using shotgun metagenomic and metatranscriptomic data provides the
required knowledgand pertinent information about the composition of microorganisnseipire

in the environment. For example, Woegial studied microbial community compositions in
outcrop bitumensaturated sandstone from outcrop clifise.( an ecosystem that contains
comparable highly diverse HMW hydrocarbons) by pyrosequencing of 1682N¥Sgenes. The

role of fungi to attack PAHs with soluble extracellular enzymes including lignin peroxidase,
laccase, and manganese peroxidase together with cytochrome p456oxygepase was
confirmed using metagenomic dg¥ong). They showed that fungdlacterial cocultures can
degrade HMWPAHS faster than pure culturesStenotrophomonas, Burkholderia, Rhodococcus,
and SphingomonasApplication of different bacterial consortia, fungi and plant roots for the
biodegradation of higimolecularweight PAHs and heavy polar hydrocarbons in liquedia and

soil has been investigated by Boonchan, Tamas, G&aiaheZ{Boonchan et al., 2000; Gareia
Sanchez et al., 2018; Tamas et al., 20TAgy investigated the hypotheses that-hgninolytic

(i.e. Penicillium janthinellummand Cunninghamella elegansand ligninolytic fungi might
promote the degradation of heavy PAHSs by theirselective and extracellular peroxide enzymes
and plantroot would stimulate new microbes that have the potential to mineralize the residual
metabolic intermediates of the degradation. Ta@bleummarizes the results from various recent
research studies that have investigated profitable approaches for cleaningonventional ail
contaminated soils and liquid media using the synergistic effect of different -mado
microorganisms. As seen in Table only few studies focused on mycoremediation, fungal
contaminant removal, as a new branch of bioremediatian wises the similarity between
recalcitrant aromatic hydrocarbons (asphaltengS;ahd 6ring and their alkyl derivatives PAHs

that represented more than 50%Dikbit/Bakkenpetroleum) and the components of the lignin
macromolecules to imply fungal mycelia and their enzymes in the presence of rhizosphere

microbiome. Moreover, to the best of our knowledge, there is no sufficient literature available on
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bioremediation of uncorntional oitcontaminated soil and liquid media using whibe fungi

and rhizosphere microbion{&ao)
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Table 1.7. Contribution of different micro and macroorganisms in the degradation of

unconventional oikcontaminated soil or water media

) Isolated Removal Effictency
Nature of pollutant Organisis Comment Reference
Location (% degradation)
Bactérie Consortium (Pseudomonas +  Kalamazoo , On phylum level, no significant
WCS/PRC Rhodococcus+ Xanthomonadaceae+  River (Cryo % f99.§i %AKane iference was observed in KMZ (Deshpande)
Parvibaculum+ efc.,) culture) 98/98 % PAHs meson ad crydcultures.
) . Kalamazoo The cryo culture metabolized most of
WCS /PBC B:;‘;“a C"“;"““L“‘P(R"Sdm“‘”j River Cyo 2/ WS AKI e e, maphhlees but sl (Deshpande)
YarogenphRagat Fseudomonas culture) HMW PAH was observed.
Polaromonas+ efc.,)
The combination of inoculation of
. “ . . " Curriculum laeve and root exudates (Garcia-
4.5-6 rngs PAH The maize-C. lazve association N 58%PAHs provided for favorable conditions for )
The Olza Raver Sanchez)
hydrocarbon degraders
Fungi+ bacteria (anacrobic Firmicutes, 750% Alk Analysis of carbon isotope fraction has
Crude bitumen thermophilic methanogens) + 850 p A‘;‘e ND been applied to idenify the presenceof  (yong)
thermophilic Archaea + Eukarya oA active microorganisms in soils
Heterotrophs + Medicago satva+ 6. Saxom The type of plant significantly affected
_ » SARONy- the physiological structure of the
Crude bitumen Phragmites australis Aukalt 1% TPH microbial community under biumen ~ (Muratova)
Germany contamination
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4 5-6 rings PAH

Crude bitumen and
PAH pollution

Weatherad

bitumen

hydrocarbon

WCS /PBC

WCS/PBC

The non-ligninolytic fungus
(Penicillium janthinellum) + bacteria
(Stenotrophomonas maltophilia)

Consortium

Heterotrophs + Medicago Sativa +

Phragmites Australis

Six different prairie plants + n-
hexadecane, F2 diesel fuel, and PAH
degraders

Bacteria Consortium (Acinetobacter+
Hydrogenphagat Sphingobium+
Dokdonella+ Pseudoxanthomonas+
ect))

Sydney.
Australia’

Halle, Saxony-
Anhalt,
Germany

South-eastern
Saskatchewan

Ohio River
(Meso culture)

Ohio River
(Cryo culture)

99.9/99.9% Alkane

50% TPH

60/80% PAH;s

98/98% Alkane
50/78% PAHs

Fungal-bacterial co-cultures degraded
benzo(a)pyrene, benzo(a)anthracene,
chrysene, dibenzo(a,h)anthracene. low
amounts of the PAHs were degraded
when incubated with either the
bacteria or the fungus.

The efficacy of plants was particularly
pronounced in the case of PAH

Final population of degrader increased
in planted amended soil using mixed
plant species. Some species appeared
to be dominant and selective influence
by alfalfa in degrader population that
doesn't favor overall degradation

The rate, as well as the degree of
removal for two Dilbits (1., WCS and
CLB ***), were comparable. So, WCS
was used for further investigation

The rate of Dilbit degradation (WCS)
and PBC were much alike, but PBC

degraded to a greater extent,

(Boonchan)

(Muratova)

(Phillips)

(Deshpande et
al,, 2017)

¥WCS: Western Cadandia Select; PBC: Prudhoe Bay Crude

**6-ringed PAHs 6-ringed benzo(ghi) perylene are considered as the main bitumen subfractions

**% CLB: Cold Lake Blend (Dilbit)

ND: No Data
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Recently, literature utilized multiple remedial approaches including physical, such as excavation,
and an array of biological processes associated with phytoremediation, such as nutrient exchange
through root exudates to bio stimulate hydrocartdegradingnicroorganisms in the rhizosphere

or stimulate the expression of oxygenase genes to degrade heavy hydrocarbons to less toxic
compounds. This approach is especially suggested for bioremediation ofsmitaminated with

heavy metal andbitumen To the lest of our knowledge, the application of phytteatment to
stimulate degradation of the contaminants and its transformation products preBdbit ior
Bakkenoil-contaminated soils has not been investigated.

2.6.1.5 The Use of Geneticalligngineered Microorganisms (GEMSs)

The components of unconventional oil are structurally diverse causing each compound to be
present at low concentration, which compromises biodegradation of high molecular weight
components. Thus, the addition of extern&robial consortia and nutrients may not necessarily
increase the efficiency of pollutant removal due to the fact that specific enzymes (e.g. oxidative
enzymes) synthesis is endergonic and requires e®aofyeiber et al., 2019) his energy might

be recouped only when a sufficient concentration of pollutant molecules is present in the complex
mixture of oils. Shiet.al suggested thase of random oxidation such as chemical ozonation to
generate less diverse substrates for subsequent biodegra&atior_aurent et al., 2018; Shi;
Wong) Recently, the application of the statkthe-art tools to modify the expression of different

sets of genes has been recommeraded promising method for increasing bioremediation yield
and bringing together desirable biological oxidants (i.e. enzymes), biodegradation pathways and
perform specific reactions. Genetic engineering also might enhance:(1) detoxification of toxic
metalsusing construction of plasmids with combination of different metal resistant genes such as
NiCoT , merA(Schneiker)(2) expression of multiple genes such bacterial laccase (CotA),
endoxylanase (Xyl) and pectate lyase (Pel) in a single(Kotnc) and (3) overexpression of
hydrocarbon degrading enzymes such as laccaselinenmus thermophilutat might yield high
laccase activityor oxidization of PAHs, asphaltene and regins,) There is not enough literature
available on biodegradation of unconventional oil using this method that might be attributed to the
fact that the ecological and environmental risks of genetically engineered microorganisms need to
be considered to make tmgethod successful. For instance, bioaugmentation withnthgenous

or GEM is banned in Iceland, Sweden, Antarctica and Nor{#er; Gaur)
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2.6.1.5 Biosurfactant and Degradative Enzymes Mediated Unconventional Oil Degradation

The mass transfer problem of recalcitrant chemicals with large, tightly packed molecule structures,
including resins and asphaltenes in the unconventional oil matrix as well as the bioavailability of
soil-bound PAHs, can probably be overcome through sudatiee compounds. Production of
biosurfactants by bacteria, fungi, and yeasts is considered an impbréaegy that influences the
bioavailability of hydrophobic chemicals, as well as releasing the trapped hydrocarbons from the
porous medium in contaminated sdiBezza; Hentati)Recently, the capability of differentges

of biosurfactants has been reported to enhance the metabolism of aged PAH, asphalt and heavy
vacuum gas oilln-situ, biosurfactant production through nutriearly bio-stimulated treatment

can serve as a biological tool to overcome problems in kirdieavailability of unconventional

oil subfunctions, especially in soil. The bacteria isolated frbitumen contaminated soil
contained efficient PAH and asphalt degrading, biosurfactant producing specieadikefosa
Ochrobactrumps Bacilliii.e., Bacil-lusstratosphericusBacillus subtilis and B. megateriumi
demonstrated good reduction in the surface tension (under 40 nM/m) and emulsification index
values (55 %JBezza; Hoang)The slow rate of bioremediation for unconventional crudeaht

be addressed by using enzymes instead of the whole microorganism. Enzymatic technologies for
remediation unconventional oils can be especially suitable for conditions where rapid
bioremediation is needed to mitigate the adverse effects of indigamorabes. A great deal of

effort has been made to address issues regarding the application of enzymes for soil and water
remediationKadri et al., 2018d)However, the productioaf purified target enzymes is a costly
process; thus, recombinant strains are usually constructed to overproduce the specific enzymes.
The synergy between specific enzymes is more important than simply pursuing a higher enzyme
activity due to the structur@omplexity and high viscosity of unconventional oil composition.
Beilenet.alstudied other practical issues and challenges in the application of enzyme remediation
methods such as dactor regeneration rates, oxygen mass transfer, overoxidation and substrate
uptake. Moreover, Redox enzymes including oxygenases (e.g. monooxygedasexygenase)

require expensive efactors, such as NAD(P)H and improved cofactor regeneration that increase
the specific oxygenase activity of whatell oxygenase biocatalystSun et al., 2016; van Beilen)

A combination of extracellular enzymes with enzymes that are more stable such as

chloroperoxidase seems promising to result in faster degradation. Absilafidetermined an
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optimal mixture of enzymes that would reduce asphaltene aggregatimtumen (Abolafia;
Bezza)The application of enzyme cocktail containing specific enzymes, such as laccases, lipase,
alkane hydroxylase, monooxygenase, and esterase might be explored in the future.
2.6.1.6lmmobilization Technique

The immobilization method habeen proposed to overcome challenges for enzyased
processes applicable to the oil industry including the processing and upgrading of unconventional
oil and heavy hydrocarborf8yala et al., 2007Most recently, with the advent of nanotechnology,
nanostructured materials (e.g. nanofibrous materials) with high porositydesijned selective
wettability, and large specific surfaceea have been developed for highly efficientvadter
separatior{Qiao et al., 2019These findings inspired researchers to combine the electrospinning
methods and enzyme immobilization. For example, fabrication of electrospun fibrous membranes
might be applied for adsorpti@md degradation of remaining heterocyclic compounds in soils and
groundwater after applying ndmological treatment methods. Dat.al demonstrated that the
synergistic effect of the membrane adsorption and laccase immobilization increased PAH
degradatior{Dai) Further work is necessary in this field to investigate potential application of
portable oil spill cleaning mop with enzymemmo bi | i zed nanofi bers that
sticky tentacles grab food particles to adsorb contaminant and remediate natedmiater.

In the case of immobilized microbial cells, permeable reactivebdiders (PRB) have been
suggested to remove pollutants from groundwater insftdle projects with promising results
(Figurel.1). A wide range of reactive medium such asvated carbon and several materials as
support to biofilm formation can be used in PRBobas et al., 2013Cobaset.al studied the
performance of a permeable reactive-barrier filled with immobilized fungus as a potential
useful method to adsorb and degrade R@ldbas et al., 2013However, they did not provide
details about the mechanism that cells attached to the supports and did not suggest the approach to
immobilize microorganism on hard surface instead of posapport(Cobas et al., 2013purface
engineering of cell walls of hydrocarbadegrading bacteria might be applieo magnetically
modify biofilm formation of hydrocarbedegrading microorganisms on hard surface such as
stainless steel and concentrate the cells using magneti¢Gieldhs et al., 2013; Konnova et al.,
2016) Further work is necessary in this field to investigate the combination of electromagnetic
based approach used for oil spill remediatiod anagnetesponsive oidegrading bacteria to

gather contaminant and degraders in a common loc@tfanner et al., 2018b)
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2.7 Future Research Needs

Bioremediation of unconventional esbntaminated soil, sediment, seawater, and groundwater
are confronted with special challenges thatude:

1 Biodegradation of unconventional oil petroleum by means of microorganisms in seawater
with high salinity is slower compared to other locations due to the harsh environmental
conditions. The use of a material carrier to immobilize hydrocadegmaling bacteria
consortium culture to improve extra heavy petroleum and unconventional oil in seawater
might be an effective approach. Nevertheless, case studies on immeiniedial cells
and enzymes for cleaning up unconventionatoittaminated siteare still limited.

1 Limited bioavailability of heavy hydrocarbons inspired researchers to study the use of
surfactants (chemical and biological) to improve the dispersion of asphaltene transport in
a liquid medium and release the trapped hydrocarbons fh@mporous medium in
contaminated soils. Thusn-situ biosurfactant production through nutriemily bio-
stimulated treatment can serve as a biological tool to overcome issues regarding increased
viscosity of unconventional oil stfipactions.

1 The presencef structurally diverse high molecular weight components at -ldwa
concentrations that act as competitive inhibitors has been reported to avoid the action of
specific enzymes, compromising unconventional oil biodegradation. Thelavitra
concentratiorof very toxic compounds, for example, NAs ibitumenmixture might act
as competitive inhibitors and adversely affect the activity of specific enzymes. Therefore,
the ceremediation of unconventional oil sditaction using enzymes, such as laccase and
locally isolated potential microbes, such as whitefungi might result in a higher rate of
degradation due to their synergistic effect on laccase activity.

2.8Conclusion

Due to the increased use of unconventional oil, its transportation by pipelinesizsatjuently

the potential for leaks and spills is growing. This review has highlighted the fact that non
biotechnological €.g.,pump and treat method) might remove contamination from subsurface or
surface of ecosystems, but biotechnological tools shbeldpplied to remediate and detoxify

unconventional oil€.g.,Dilbit andBakkenoil) under moderate temperature conditions and even
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cold climate sites. Even though biodegradation of these hydrocarbons has been extensively
improved using bioaugmentationdibio-stimulation (such as organic/active sludge amendments),
integrated methods and mechanisms including bioaugmentationstidiaation and
phytoremediation are necessary to be applied to improve the performance of bioremediation of
high concentrationsf weathered hydrocarbons abidumen Other biotechnological approaches
(such as genetically engineering bacteria, immobilization method, and enzyme remediation
technology) and newly found potential microbes might also promote the degradation ofreetalcit
components. To date, only a few scattered studies of these mentioned approaches have been carried
out to effectively cleatup these hydrocarbons. Moreover, there are only a few studies on the
hypothesis that unconventional oils would select diffenmtroorganisms than traditional
petroleum due to the presence of metal, oxidizing compounds, asphaltene, resin fractions and high
molecular weight alkylated PAH. Thus, further research is required to demonstrate the
applicability of the abovwenentioned mdtods in the mixture of unconventional oil. Nevertheless,

it becomes all the more important to mention that unconventional oils remediation entails hybrid

versus single methods.
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CHAPTER THREE: Treatment of unconventional oil contaminated water by adsorption

onto hydrophobically modified dolomite
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Abstract

A low-cost chemical hydrophobsorbentwvas synhesized by the dipoating method. The sorbent

was characterized using different methods, including TEAR, XRD, SEM, andZeta potential

The removal of unconventionabil from water by palmitic ackinodified dolomite was
investigated by batch adsorption after varying pH®),Lcontact times {B0min), adsorbent
dosage (0110.7gmL' 3, initial oil concentration (30007000mg L-1), salinity (0 0.1gmL" ¥ and
different temperatures (299 and 30P TGA analysis revealed the increase in maximum

oil sorption capacitpf sorbent from about 64 to 488yg' (Dilbit) and 98 to 53engg’ (Bakken

oil) in the oilwater mixture. Th&inetic studieshowed that pseuesecond kinetic (PSO) model
describedunconventional oil sorption on hydrophobic sorbents in a much better manner than other
models in term of Rvalues indicating that the overall rate of the oil sorption process might be
controlled by a strong chemical reaction between oil molecules aneé adgs on the surface of
sorbent. However, the obtained values of free energy estimated from DRlitirshkevich (b

R) isotherm model were 7.57 and 7.83Bmol' Yfor the sorption ofDilbit and Bakken oil,
respectively, which indicated strong physicature of unconventional oil sorption on the studied
sorbent. PSO model is not the only rheiting step and other mechanisms may control the rate

of sorption, as all of them may be operating simultaneously. The external mass transport
of sorbateand external film diffusion in this sorption system was veryifasomparison with the
intraparticle diffusion and adsorption. For both tested oils, the isotherm studies revealed that the
experimental data agreed with Sips, Toth, Temkin, and Freundlich models due to the

highly heterogeneous systems

Keywords: Low- cost hydrophobic sorbentinconventional oils, Kinetics, Isotherm, Oil spill
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3.1.1.Introduction

It is general understanding that unconventional oil is petroleum that reguitregted using
techniques other than the traditionalwiéll methodto guarantee the viability of the oil recovery

from tight and shale reservoirs and subsequent transportation to storage facilities, terminals and
refineries(National Academies of Sciences and Medicine, 2016; Santos et al., Zldrbidering

the devasting environmental impacts of the past pipeline spill incidents, the issue of pipeline oll
transport is highly contentious and the remedratiechnologies for soil contaminated with
unconventional oil have been under study. A series of different cleanup techniques including
mechanical methods, in situ burning, dispersion method, extraction, thermal desorption and
chemical oxidation have beesuggested for soil and water remediatikn et al., 2018a)
Adsorption techniques involving natural organic sorbents, synthetic organic/polymers and mineral
sorbents are also considered as the most popular solutions applied to prevent further migration of
petroleum hydrocarbons on tlaad and water surface. In this field of research, two areas of study
has been considered: enhancing the efficiency of petroleum removal technology and modeling the
mechanism of oil removal to obtain a better understanding of the adsorption gkitas<t al.,

1996; Naghdi et al., 2017)

Depending on the type of oil, spill scale and the location of accident, suitable adsorbent should be
choser(Abarghani et al., 2018Numerous literature has investigated the use of mineral adsorbents

in oil spills cleanugHosseinpour et al., 2013; Ukotijkwut et al., 2016)Mineral materials used

for petroleum spills cleanup eaform of granules/or powders (e.g., zeolites, Clay minerals, silica
adsorbents) have a number of properties that make them appropriate adsorbents for cleaning up
spilled oil effectively. With regard to the salts (other type of mineral materials suclcitis ead
dolomite lime), even though crude unconventional oil that possess asphaltene and resins (polar
functionalities) are particularly adsorptive to this type of minerals, they have not been considered
as adsorbents of petroleum substance that copéinleum fractions such as nonpolar alkanes.
Thus, some literature recommended wettability alternation and the fabrication of
superhydrophobic sorbents to achieve high absorption capacities for different types of
contaminant§Gomari and Hamouda, 2006; Kelesoglu et al., 2012; Okhrimenko et al., Fot3)

instance, Patowary et gR015) showed that conventional natural particle sorbents, including
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mineral products, natural biomass can be modifieithi wiganic molecules by different method
such as digoating method to improve their hydrophobicifyatowary et al., 2015)Other
approaches have been developed involving sohitiomersion process, chemical etching,
ultrasounds irradiation and othefBanerjee et al., 2006; Younis et al., 2Q1fApwever, the
functionalization of mineral materials with palmitic acid through-acbpting method have been
considered less expensive approach to obtain-clost chemical, durable and efficient
superhydrophobic adsorbent in clagmof the oil in water.

In the present study, the rock limestone as a local available material is maalifledelop an
inexpensive sorbent for unconventional oil spill remediation. Esterification reaction was used for
hydrophobic functionalization of dolomite via a simple and economiesteyesynthetic approach

to enhance sorbent selectivity and effectivemesise removal of spilled unconventional oil from
water surfaces. The synthesized superhydrophobic adsorbent was characterized using zeta
potential, Fouriertransform infrared spectroscopy (#R), X-ray powder diffractiofXRD),
scanning electron microgpe SEM) techniquesFurthermore, the extend of sorption and the
influences of several controlling variables such as the chemistry of unconventional oil,
temperature, contact time, concentration of adsorbent, the composition of the aqueous liquid
(particularly its pH and sality) on the sorption capacity of hydrophobic dolomite were
investigated. Pseuefrst-order, pseudo secoratder, Elovich, film and intrgarticle diffusion
models were investigated to show that which one can well describe the kinetic beh&iibit of

and Bakkenoil sorption by hydrophobic dolomite. Different theoretical isotherm models were

used to elucidate the mechanism involved inDHkit andBakkenoil sorption.
3.1.2.Material s & Methods

Sourcing, preparation and characterization of ModifiedDolomite

Dolomite is a locally available material used for the batch adsorption experiments obtained from
the Career Union Ltd., Quebec City. The surface modification of dolmuiteentpowder was
carried out using a dipoating methodn brief, to obtan the maximum oil adsorption capacity by
palmitic acidcoated dolomite, different amounts of fatty acid @g) were incorporated into 5 g

of natural dolomite. In order to prepare hydrophobic sorbent usingpdifing,Gomari et.a(2006)

suggested that theH of the water phase is responsible for palmitic acid dissociatioprihatoted
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the reaction between dolomite ions and the dissociated fattf@omari and Hamouda, 2006)
Thus, the dolomite was mixed with distilled water githvalue of 7. Quast et.al reported the
estimated pKa for palmitic acid (4.7) indicating that it will exist entirely snahion form at pH
values of 59 and therefore these anions absorb stronghjotomite (Quast, 2016)Wang et.al

also reported that the surface properties of mineral sorbents including dolomite are influenced by
tempeature and the interaction of fatty acid and mineral materials increases with increasing
temperaturgWang et al., 2002; Wang et &019a; Wang et al., 2005)

The modified sorbents were used ilbit and Bakken oil removal while other operating
parameters were kept constant. Based on the percent removal, powder of palmitic acid presented
the best performance; however, in order to study the application of dolomite to make low cost
superhydrophobic dolomipalmitic acid absorbents for tfaking spilled and dissolved
unconventional oil from wastewater and stream water, 3 g of fatty acid was employed for loading
onto 5 g of natural dolomitézinally, the mixture was stirred at 80 £1°C for 2 h; thereafter, the
agueos solution was evaporated at 65+iif@convectioroven and sieved through 9.5 mm sieve.
The crystalline structure and purity of modified dolonvitere determined from XRD analysis

XRD patterns of sorbents were collected from 2 to 90°, ttvedaanguhr range in 0.05° steps,
using graphite nadiatianormharBukeaAXs RiffraCtonétdr D8 Powder XRD.
(FT-IR analyses were recorded in the range ofi4000cm’ *using a Nicole IS50 FT

IR Spectromete(Thermo Scientific, USA) in attenuated total reflectance (ATR) mode with

8 cm' resolution as reported elsewheBefore applying FTR, the samples were washed with

Milli -Q water to remove unabsorbed acitise morphology of the samples was examined by SEM
analyses using EV®B0 scanning electron microscope (Zeiss, Germany) at an acceleration voltage
of 10.70 kV. Finally, the change méta potential on dolomite surface was studied uzatgsizer

nano ZS (Malvern Instrument Inc., UK) at different pHs. To measurezékepotential of
hydrophobic materials, it has been suggested to applpfanol as the matrix. In this study, a
mixtureof water and Zoropanol (90:10) were prepared to disperse fatty acid and modified sorbent
for zeta potential test.

In order to determine the maximum unconventional oil sorption capacity of sorbents and sorption
selectivity between water and oils, startbest method developed for adsorption performance of
sorbents based on ASTMF720 standard(ASTM) has been suggested in some literature.

However, in the case of powder sorbents, where filtration could be difficult due to the small size
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of the grain and loss of somemberof powders, instrumental methods have been recommended
to determine the amount oil and water in the sorbent$o study the oil sorption in the pure oll
medium, 20 mg of the sorbents powders was added td_28 the oil sampledfilbit andBakken

oil) andshakerfor 30 min at 1000 rpm for complete sorption of oil by the sorberg. mitxture

was filtered by vacuum filtration using Whatman 52 filter paper. The scraped sample was placed
in a vial and stored in thefrigeratorto reduce the chance of evaporation and was analyzed by
thermos gravimetric analysis (TGA). The amount of watdsorbed by natural and treated
dolomite were similarly determined for water sorption test, by following the same procedure. A
known mass of sorbents was placed into a 25ml Erlenmeyer flask filled withL.26f elilli -Q

water andshakerfor 30 min at 1000pm, followed by vacuum filtration. To determine the amount

of oil adsorbed by dolomite in wateil system sorption test, the sorbent powders were added to
the oilwater mixture and placed into the Erlenmeyer flask. After reaching a steady state npnditio
the saturated sorbent was removed by vacuum filtration. TGA analysis was performed in flowing
compressed air with a heating rate of@nin™ to 500°C min™.

Characterization of Unconventional Oil

The value of total acid number Dilbit andBakken oil were determined according to the GB/T
73042014 method that has been reported elsewhee al., 2018b)The I.R spectra of the tested

Dilbit and Bakken oil were reordered in the region 46200 cm! on a Nicole 1S50 FT

IR Spectromete(Thermo Scientific, USA). The zeta potential of oil components in water
suspensions were carried out digpersingDilbit and Bakkenoil in water as small oil droplets

were prepared by the probe and batch sonication and their zeta potential were examined using
ZetwaSizer.

Batch Sorption Studies

Batch adsorption experiments were performed by conventional method. The powder sorbents were
put in a 40mL tube containing about 10 mL of oil mixtures. The reduction of surface tension
between water and oil was douasing ultrasonic technique. Moreover, in order to study the oil
adsorptionperformance of sorbents, the initial concentrations of contaminants in water has been
recommended to be lo{#rard et al., 2016; Patowary et al., 2Q1B)other words, the appropriate

adsorbent shouldneet the criteria including high sorption capacity toward oils when the oll
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concentration of mixture is lowl'he variables that were investigated for possible effects on
adsorption capacity and removal efficiency were types ofBdkKenoil andDilbit), contact time

(1-80 min), initial oil concentration of mixture (7007,000mg L-1), temperature (26 to 3&C),

salinity (0 to 0.1 g mi}) and pH (311).Before the addition of adsorbent, initial pH of mixture was
adjusted to required value (3,6, or 11heitby 1 N HCI or NaOH. Calcium chloride at 0.01 M

was applied to study the effect of salinity on the removal efficiency and the adsorption capacity.
The tubes were shacked at desired temperature to reach the equilibrium and the samples had to be
destroyedn order to obtain capacity adsorption measurements. At the end of the adsorption period,
the samples were centrifuged, and the solution were filtered through stainless steel mesh to avoid
any sorbents in the aqueous phase. Thenwatiér sample was ceitted following each
experimental run, transferred to liquid funnel containifigeRane extracting solvent and acidified

to pH 3 to facilitate extractiofiYounis et al., 2017)Residual concentration of unconventional oil

in n-hexane were measured via Wisible spectroscopy for the batch adsorption experiments at a
wawelength of 198 nm. For batch experiment, the difference of final and initial concentrations was
calculated and considered as the amount of oil adsorbed. Sorption capacity and adsorption uptake
were determinedccording tahe Eq. (1):

n —— 1)
The oil removal percentage from aqueous solution is calculated using the Eg.2.:
R%= 2)

After determining the optimum conditions for modified sorbent, the effect ofalindil
concentrations was studied.

Error functions

To determine the coefficients of two/thrparameter isotherms and kinetic models, two methods
are available. Ordinary least square method (OLS) that is frequently employed to estimate the
unknown paramets in a linear regression model using transformed isotherm/kinetic variables.
Solving the linear form of equations by measuring the difference between theoretical and
experimental data in linear plots might violate the error equality of variance and fadasure

the errors in their nefinear forms. Thus, the ndmear regression methduhs currently been
applied to select the optimum kinetic and isotherm for experimental dataingan regression

method involves the step of minimizing the error distribution between the predicted
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kinetic/isotherm and the experimental data by maximizing or minimizingrte functions based

on the error function definition. In this study, for isotherm and kinetic reaction models, seven sets
of error functions were employed for optimization procedure to measure the goodness of fit based
on the smaller error function vakiendicating a bettefitting curve (Table3.1.1) (Ayawei et al.,

2017; Crini and Badot, 2010; Mowla et al., 2013; Raji and Pakizeh, 2014) optimum
isotherm/kinetic was recognized as the models with the smallest sum of normalized error (SNE).
The calculation method for SNE consists of five steps: (1) determination of model parameters by
minimizing the appliecerror function (If the coefficient of determination is the applied error
function, the solver addn must be adjusted on maximizing); (2) determination of the value of
other error functions based on the parameters obtained from step (1); (3) perfoenatpiie

steps for other error functions; (4) selection of the maximum output of each error function from all
sets. The value of other sets should be divided into the maximum value; (5) calculation of the
summation of all of these SNE for each param@eni and Badot, 2010; Sidik et al., 201Zhe
nortlinear method is mathematically complex compared to linear regression. Thus, thadrial

error procedure was developed toireaste the isotherm and kinetic parameters using an
optimization routine to minimize the sum of the square of the errors (ERRSQ) between the
experimental data and isotherm/kinetic model. For diffusion kinetic models, the parameters were
calculated using ligar and notlinear regression methods to determine theeRues and find the

bestfitting paraments.
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Table 3.1.1. Isotherm and Kinetic Models

Type of
) Nonlnear Form Reference
Model Function
] ] . n (Wang et al.,
Langmuir Rational N
p 2015)
Freundlich Power B 06 (Sidik et al., 2012)
. , , 00 (Wang et al.,
RedlichPeterson Rational n —
p 00 2015)
. B /4 p AZDOQ (Rahman and
PFO Exponential . )
"Q="0n Sathasivam, 2015
., Nnovo
] n — (Raji and Pakizeh.
PSO Rational p nv
o, 2014)
Q=Qn
_ (Sidik et al., 2012)
Elovich
WeberMarris (Raji et al., 2015)
n nexp(L £
woruae P Raji and Pakizeh.
D-R Exponential £ Y Yopé o (Ray
Q 2014)
E=——
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3.1.3.Results and discussion

Characterization of oils and sorbents

Surface Morphology

SEM images of the raw dolomite and palmitic aciddifieddolomite are shown in Fige 3.1.1
Treatment of raw dolomite by palmitic acid resulted in the increase in the diameter of particles due
to chemical changes on the surface layer that introduce the long chains in the surface of sorbent.
The excellent sorpin capacity of hydrophobic dolomite compared with raw sorbent might be
ascribed to the rough surface of modified sorbents due to the presence of calcium and magnesium
palmitate on their surface after the treatment with a fatty acid. Patowar{2ét&)aso reported

rough surface of hydrophobically modified sorbents, whereas the smooth surface of precipitated
calcium carbonate sorbent powder (PCC), that might be attributed to the presence of insoluble
calcium palmitic on the surface of sorbe(®atowary et al., 2015However, Sidik.et a(2012)

stated that the surface area and rough surfage ss contribution to the crude oil adsorption
compared to the hydrophobicit@idik etal., 2012)

e,

5 g 3
- | = A 0 LY
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= ~§ &

Fig. 3.1.1. SEM images of (a) raw dolomite; (b) hydrophobic dolomite.
Fourier transform infrared spectroscopy (FTIR)

The relationship between oil composition and IR peaks is somehow blurred due to overlapping

absorption peakygetthe spectra could provide us with a quick visual inspection by revealing some
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trends in different regions. For example, the spectra givennation on the abundance of
asphaltenes and resins in the samples and evidence of biodegradation. For example, the larger area
of the C=0 peak at about 1600 ¢mnd the aromatic ring peaks between-830 cm! for Dilbit
indicated the severe photooxidatidegradatiorand ahigherpercentage of aromatic molecules
including resins and asphalteneDiibit. So, the degree of biodegradation and the absence of the
C=C peak at about 15a600 cm' for Dilbit and smaller bands between 700 and 856 twn
Dilbit. These results indicated the lower resin/asphaltene cont&dkiienoil. Moreover, the
peaks present at 2985 and 2930'eepresent single bonded alkanes and revealed that two types
of oils have paraffinic nature, and in this case, treating water Wwispitls necessitated the use of
hydrophobic sorbents. The presence ahmaticamine (1381 cm) thatis protonated at low pH

also explained the positive charge of oil surface at acidic condifibdulkadir et al., 2016;
Banerjee et al., 2017)SeeFig 3.1.2)

1455 2985
13§1
1514
293?
l4
e Dilbit
|!| . .'Y',"'x" e Y Mo/ g A 2
"‘PJ. Ah‘..«‘ ey’
82? 8\99 1310 1600
| \ Bakken oil
400 900 1400 1900 2400 2900 3400 3900

Wavenumber (cm-1)

Fig. 3.1.2. IR spectra of the tested unconventional oils

The FTIR spectra of hydrophobic dolomite reveals characteristic bands for the symmetrical
stretching vibration ofCH, group at 2,850 crh It can be clearly seen that the peak at 1,690cm
that signifies the C=0 stretching vibration in palmitic acid s almost disappearance that might be
attributed to the influence of fatty acid coating and esterification mech@vimunis et al., 2017)

As shown inFigure 3.1.3 dolomite FTIR analysis shows characteristic absorption bands of
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dolomite at 1450. 880 and 730 ¢ridue to GH bending, HC@* group, and carbonates) that are

in good agreement with the absorption frequencies reported by previous lit¢fdbadarin et

al., 2012) By comparing the FTIRpectra of natural and hydrophobic samples, it can be seen that
the increase in the peak intensity at 20280 cm! (C-O) and 17351705 cm! (C=0) could be
attributed to stretching ester linkage between cationic surface group of dolomite and the carboxyl
group of palmitic acid which confirmed that the sorbent had been esté¢Afietlarin et al., 2012;
Asadpour et al., 2014Moreover, intense peaks at 362000 cml, characteristic fomethyl and
methylene groups of palmitic acid, are related to the replacement of palmitic acid on the surface

of dolomite.
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Fig. 3.1.3. FTIR spectra of natural and hydrophobic dolomite before oil adsorption

Total Acid Number

To study oitsolid interaction, the total acid number of oil can give us good insight into oil
compositions. Xingang Li et.al measured total acid number of doitdenen and different
fractions of unconventional oil including resins, asphaltenes, saatkaromatics and reported

the high content of polar groups in the heavy fractions that might cause strong interaction between
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the oil component and mineral sorbent with hydrophilic surface such as dolomite. In the case of
Dilbit andBakkenoil, the totdacid number values were less than 0.7 and 0.3 mg KOHIjlfot
andBakkenoil, respectively, indicating that they mainly contain saturated nonpolar hydrocarbons.
It has been reported thatlbit mainly contains branched and cyclic hydrocarbonsBaiéenoll

is dominated by straightthain, saturate hydrocarboiiational Academies of Sciences and
Medicine, 2016)Thus, in the case of tested oils, the more hydrophobic surface is the more prone
to oil adsorption it igCremaldi et al., 2015)

Zeta Potential

In order to confirm experimental resulregarding the effect of pH on selective and efficient
sorption of oil, the values of zero potential charge (pHzpc) for natural dolomite and hydrophobic
sorbent were measured. Considering the fact that the composition of the surface of the particles is
important in determining the zeta potential, the surface modification caused changes in the zeta
potential of materials. In the case of raw dolomite, the charge of surface is the result of the
formation of the ionic species to the ligtgdlid surface whicldepends on the ptMarouf et al.,

2009) As can be seen iRigure 3.14, the zeta potential of modified dolomite versus pH curve
differ markedly from the bulk composition (dolomite). Even though for strongly hydrophobic
materials the net surface charge is close to zero (hydrocarbon chains are hydrogens and carbons
bonded togther that are similar ielectronegativity, carboxylic group as the source of negative
charge was dissociated around 3.5 and above. Thusedgadvely chargepolar head of fatty acid
brought up negative zeta potential. The zeta potential of fattyra2igorpanol solvent is positive

(6.7 mV at pH=7) due to the fact that carboxylic group are undissociated form and electrostatic
forces are negligible as interfacial functional groups are neutrally charged in the absence of an
agueous phase. In the cas$enodified dolomite, the net surface charge is around zero at pH value

of 7 and pHzpc around 5.5 were observed. For the zeta potential to change on the particle charge
surface, they must have chemical groups that can be protonated or deprotonatedresrdita c
groups that usually render the surface of hydrophobic particles are of@lamature and it

means that pH has little effect on surface charge.

As mentioned previously, chemistry of crude oils is one of most important factors affecting the
extent of petroleum hydrocarbon sorption onto adsorbé@nlisit andBakkenoils are a complex

mixture of hydrocarbons with a wide range of structures and molecular weights that are difficult
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to characterize complete{fpaughney, 2000)Thus, a great deal of effort has been made to explain
the extend of petroleum hydrocarbon sorption using parameters that are related to oil chemistry.
The oilwater interfacial tension, the zeta potehtf oil droplets in aqueous solution, and the oll
water contact angléDaughney, 2000have been considered parameters that are more easily
measured and describe the effect ef@libit andBakkenoil composition on sorption. The zeta
potential ofBakkenoil and Dilbit droplets in water are illustrated Fgure 3.1.4In the case of
Dilbit, the negative charge at higher pH can be attributed to the dissociation-tfpeEcgpea@s

(Dai and Chung, 199%)nd the positive charge on tBdbit droplet surface at pHd 2 is due to the
dissociation of amingype groups irDilbit. The lower amount dDilbit PHzpc compared to the
Bakkenoil confirmed the higher content of acidic compounu®ilbit than inBakkenoil. The

point of zero charge (pzc) @filbit might also change by changing the napHiltamenratio. In

the case oBakkenoil, the (Wahi et al., 2013)ess effect of pH on charge of surfamanformed

the absence of ionizable and hydrophilic groups suggestindB#ikienoil containing mainly

alkanes .
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Fig. 3.1.4. The variation of the zeta potential with pH of a) raw dolomite/water suspension (RD),
fatty acid/water-2-propanol suspension (R), hydrophobic dolomite/water-2-propanol suspensions
(MD); b) Dilbit and bitumen

XRD Characterization
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X-ray diffraction (XRD) analyses (Figure 3.1.5) revealed that the purity of raw dolomite sample
was very high(ASTM Committee B2 on Petroleum Products and Lubricants, 20The
diffraction peaks observed at 2theta values of 31, 33, 381345, 51, 52 and 6@an be signed

to the dolomite (CaMg (G) that havehe preferred orientations in the direction of (104) with
higher intensity and sharp peak and 2theta valuestdtiwed the small amount of quartz (910

in raw sorbent. ThERD pattern for modified dolomite was similar to that of raw dolomite without
any peaks attributing to the palmitic acid molecules indicating the proper coating of dolomite with
palmitic acid (Gruszecke&Kosowska et al., 2013 other words, the coating process has no

influence on therystallinity of dolomite.
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Fig. 3.15. XRD pattern of raw dolomite (a) and hydrophobic dolomite (b)

Oils Sorption Capacity and Sorption Rate
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Figures3.1.6and3.1.7showthe TGA analysis curves of nature and modified dolomite before and
after sorption experiment, respectively. The difference in percent weight loss by the samples
between room temperatut®0°C and 106500° C were attributed to the water and oil removal
from the sorbents. As can be seen in Fig.6 (TGA data), for raw dolomite, the higher adsorption
capacity forBakkenoil is higher tharDilbit in the presence of water that might be attributed to

the fact that raw dolomite released catidres (calcium andnagnesium) in the presence of water
and increased the pH of media up to 11.
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Fig. 3.1.6. TGA analysis cure of(a) modified and (b) raw dolomite before adsorption process. The
difference in percent weight loss by the samples between RT °C was attributed to the water

removal from the sorbents.
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Fig. 3.1.7. TGA analysis curve ofaw and modified dolomite for Bakken oil and Dilbit sorption
calculation (a)-(d) oil-water micture and (g)-(h) pure oll

According to the Figre3.1.8,the surface charge of raw dolomite has a net negative charge at this
pH andDilbit that contains aigheramount of aciedype species shows manegativelycharged
surface at pH 11 that increased the repulsion between raw dolomif@ilaind Thus, dolomite
seems tadsorht less effectively thaBakkenoil (Dai and Chung, 1995; Emam, 201Bjoreover,

the competitive sorption of water agtgely affected the adsorptionDilbit on natural dolomite,
unlike the hydrophobic sorbents that do not interact with water molecules. In thbased
experimentsDilbit that possessed richer acidic groups (negatively charged components of the
crude d) showed higher maximum sorption capacity on the positive charged raw dolomite

surfaces compared Bakkenoll. It also might be attributed toragherdensity ofDilbit compared
to Bakkenoil.
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For modified dolomite, lower adsorption capacity foitbit from aqueous solution might be
attributed to the steric hindrance that carbon branches predgitttitnproduce. In other words, it
would be harder for nepolar molecules obilbit (branched andyclic hydrocarbons) to have

very close interactions with active sites of adsorb#nis, modified dolomite has a stronger
capacity to sortBakkenoil molecules thaaredominated by straight chain saturated hydrocarbon
through hydrophobic bonding betwealkyl chain of calcium and magnesium palmitate and oll
moleculegEstell et al., 1986; National Academsief Sciences and Medicine, 2016)

As expected, modified dolomite powder showed superior water/oil selectivity and performance in
adsorbingDilbit and Bakken oil compared to natural sorbents. The higher removal of the
emulsifiedoil and excellent oitwater selectivity on modified sorbent could be attributed to the
hydrophobic character of modified powder which enabled it to repel the water molecules that is an
essential parameter for oil sorbents used to remove spills from water tttauehezhiyaet al.,

2018)
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Fig. 3.18. Oil and water sorption capacities of RD and MD performed on oilvater mixtures; (b)

pure oil mediums and pure water

Figure 3.1.9shows the proposed mechanism of palmitic adsorption onto the sorbent surface. It
also showed natural and modified dolomite powder positions onto the water phase ofalwater
mixture. As can be seen in Fig.S3, the natural dolomite settled down intottbeHwater phase,
whereas modified dolomite that adsorbed unconventional oils, floated on the surface of the water
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and attached to the surface of the glassy hydrophobic container. The highest adsorption capacity
of modified dolomite, especially for eiater samples provided justification in using modified
dolomite as an adsorbent for the subsequent experimentspdiEmnmolecules of oils with
asymmetricdistribution of charge did not show electric dipole moment and did not interact
favorably with waterDue to this, so when oivas addedo water, the water molecules formed a
cage around the oil molecules that was not favorable because it limited the interaction of water
molecules amongst each other. As mentioned previously, the oil adsorption processicfter
reducing the surface tension between water and oil to study the effectiveness of adsorbent to
remove oil from water. The other explanation has been given to account for the adsorption of
Bakkenoil andDilbit in natural dolomite: - * interadions acted between aromatic rings present

in oils and thaonic surface of dolomite and, the physical interactions (i.e., electrostatic forces,
hydrogen bonding and van der Waals) involved between mineral sorbent ghdetitd., 2018b)
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Adsorption of Bakken oil and Dilbit

Palmitic Acid Loading

As can be seen in Fig.31D, the Dilbit and Bakkenoil removal of natural dolomitevere only

about 14 and 11 %, respectively, while the hydrophobic sorbent could remove almost 84 and 91%
of the oils from water. In this part, removal efficiency was provided to determine the appropriate
loading due to the fact that the high removal efficiematters during theconomiccomparison.

Not only did the @ hydrophobic tails improve adsorption affinity of hydrophobic dolomite to
non-polar fractions, but also two oxygen and carbon atoms withydwidization (unshared pairs

of electrons on oxygent@ns) might facilitate the affinity of sorbent to a polar fraction of oils
(Younis et al., 2017)The subsequent decreaséakkenoil removal with sorbent loading might

be attributed to the fact that oil molecules have a finite size, needing a finite space from every
direction. Thus, some of the active centers cannot be accessed by oil molecules when neighboring

active sites have lea occupiedLiu).
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Fig. 3.110. Bakken oil and Dilbit removal efficiency of oils as a function of fatty acid loading (Co=
7000mg LY T= F F, pH=6.5, 1000 rpm)
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Effect of Adsorbent Dosage

To estimate the standard adsorbent dosage for this study, batch adsorption experiments were
conducted for a range of hydrophobic dolomite between 0.1 and 0.7 g in 10 mL solution. The
adsorbent was subject to a constant concentration of oils (low eno@§hmaoL?), and all the

experimental parameters were also kept constant at 60 min aad R9%igure 3.1.1)
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Fig. 3.1.11. Effect of adsorbent dosage on efficiency removal and sorption capacity Qelpit ;(b)
Bakken oil. (Co=2000mg L%; T= F F, pH=6.5, 1000 rpm
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The percentage of the oil sorption increased from 79 to 95.5 and 80 to DifbfblandBakken

oil as the sorbent dosage was increased from 0.1 to 0.7 ggi®l0¥) mixture. The increase in

removal of oils can be attributed to the increase in active sites and higher interaction between oils
particles and adsorbents, and the decrease in oil uptakesip®f adsorbent is due tagher
unsaturated adsorption sitésring the adsorption process as adsorbent dosage incf{gabk®t

al., 2012) In the case oBakkenoil, the removal efficiency reached almost 100% and for both
cases, the adsorbent dosage of 0.2 g in 10 mL solution was considered as the standard adsorbent
dosage, becae percentage removal remains constant for higher dosages.

Dynamic adsorption of oll

Figure 3.1.14epicts the dynamiBakkenandDilbit adsorption as a function of contact time at
different oil concentrations. As can be seen in Fig.8, the equilibrium time and capacity are
dependent on sorbents, and initial oil concentrations. Briefly, the lowest sorption capacity and
shortest equilibriunime were observed for the lowest initial concentration. The equilibrium stage
(slower stage) that is observed especially in the case of higher initial concentration might be
attributed to the adsorbed oil molecules that serve as a base layer upon wth&hrforpolar
molecules coulddsorb It has been expected tHailbit (API gravity €)= 20-22) that possessed
higher viscosity adhered strongly with sorbents resulting in highest sorption capacity. However,
considering TGA analysis and batch sorptiopesknents, the sorption capacity Békkenoil

(API gravity ()= 3840) was almost the same as iébit due to the fact thaDilbit contained
branched and cyclic hydrocarbons that might reduce the hydrophobic interactions and sorption
capacity comparedtBakkenoil with straight chain saturated hydrocarbon. It might be because
of steric hindrance that carbon branches produce, and it would be harder-foslaomolecules

of oil to have very close interactions with active sites of sorbents. Howevesfféoes of steric
hindrance in oil adsorptiomavenot been discussed yet due to the fact that it is difficult to isolate
the steric hindrance effects from other fac(®iigi et al., 2019; Kiso et al., 20013ome literature
studied molecular width paraneetto evaluate steric hindrance effects on diffusion of molecule
species into sorbent por@€ni et al., 2019)Batchexperimental results indicated that, in the case

of hydrophobic sorbent, initial high rate of oil uptake might be attributed to a large number of
active adsorption sites as mdhan85 and 95% oDilbit andBakkenoil removal was achieved

in less than 2@nin (initial concentration: 700Mg L1). The very rapid process of oil adsorption
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(rapid stage), especially fBakkenoil, might be attributed to the naovalent interaction between

active functional groups of the sorbents having a long tail of sixtedmons and nepolar
hydrocarbon molecules of oils, that do not show electric dipole moment and do not interact
favorably with water. In the case Dflbit, equilibrium stage (slower stage) might be attributed to

the diffusion of oil molecules frorthe boundary layer film onto the exterior surface contacting
vacannbi'tal that participatebondi hgemechaads my

diffusion into the interior adsorbent surface and porous strugtianis et al., 2017)
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Effect of pH
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Sorption Capacity (mg/ g solvent

350
300
250
200
150
100
50 /
(V]
0 10 20 30 40 50

Time (min)

350

3000 ppm
~5000 ppm
- 7000 ppm

60 70 80 90

(b)
300/ . mend
200 / —— - . )
150 ,/‘
|
100 3000 ppm

50/
0
0 10 20 30 40 50

Time (min)

77

=5000 ppm
~7000 ppm

60 70 80 90

Fig. 3.112. Effect of contact time and initial concentrationof oil on the adsorption (a)Dilbit ; (b)
Bakken oil onto hydrophobic dolomite. (T= F F, pH=6.5, Sorbent dosage = 0.02 g/mL, 1000 rpm)

The initial pH of the olwater mixture is one of the most important parameters in oil spill treatment
studies using adsorbent as it significantly affects sorption capacity and mechanism at the solid
solution interface. The effect of pH @nlbit andBakken oil sorption by hydrophobic sorbent is

shown in Figire 3.1.13 As mentioned previously, pH has little effect on siefacecharge of



hydrophobic dolomite. The results indicated that an increase in pH ileckéasingn oil uptake

at pH value of 912 that was inconsistent with the literature that employed NaOH as a surfactant
to facilitate the desorption of oil compone(itset al., 2018b) Some studies reported the highest
adsorption uptake at high pH that did not correspond to the oil removal effidieincyet al.,

2017; Sadeghi et al., 1992)he increase in oil removal whéime pH was increased, might be
attributed to the fact that the addition of aqueous base (e.g., NaOH) for alkaline pH adjustment
resulted in alkaline hydrolysis of oils compounds and surfactant production (carboxylate salt) via
NaOH reaction with longhain acidic compounds of crude oil. Thus, in order to avoid the
saponification process, the -olater sample was collected following each experimental run,
transferred to liquid funnel containinghexane extracting solvent and acidified to pH 3 to
facilitate extraction. As mentioned previously, the pH has little effect onpwar groups on the
modified dolomite surface; however, at a pH near the point zero chaz@f oils, the oll
droplet surface has 0 neharges resulting in predominantly hydrophabinteraction with
modified dolomite(Xia et al., 2005) Moreover, Acidic condition coulohcrease oil removal by
promoting estabilization oDilbit andBakkenoil droplets thus resulting in the formation of larger

oil droplets. At strong acidic condition, hydrophobic interactions decreased especially in the case
of Dilbit at pH <pzc (Figre 3.1.13 that contained higher amosmf polar and acidic fractions,
having more basic amirtgpespecieproperties at acidic pH (more positive charge on the surface)
and amore positive charge on the oil droplet surfad®ahi et al., 2013)Because dolomite is
soluble at pH=1, the pH value above 3 can be considered to determine the optimuom sorpti

capacity and removal efficiency.

78



93.5 100

93 (3) 4
92.5 90
- m
92 85 =R
0.
B - 91.5 80 2
D91 2
\;_1”- 75 =
90.5 70 3
<
920 65 &,
N
89.5 60
88.5
0 2 4 6 8 10

pH

Fig. 3.1.13. Effect of pH on efficiency removal and sorption capacity (&ilbit (T= F F, PH=6.5,
Sorbent dosage = 0.02g/mL, 1000 rpm

79



Effect of Salinity

Figure 3.1.14depicts the effect of salinity (NaCl from O to 200@ L-1) on BakkenandDDilbit
adsorption and the removal efficiency. It has been reported that higher water phase salinity deters
migration of oil molecules into the water phase due to the fact thas satire soluble in water

than oil phase due to the high polarity of water. In other words, when no salt is present in the
solution, there are plenty of water molecules present that can interact with the polar/acidic
compounds of oils, especialilbit. When the salt was added the charged ions interacted with
water and this means that there are leg3 molecules to interact with oil molecul@dohamed

et al., 2018; Mohamed ek a2017)
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Fig. 3.1.14. Effect of salinity of mixture on the adsorption (a)Dilbit ; (b) Bakken oil onto
hydrophobic dolomite. (T= F F. pPH=6.5, Sorbent dosage = 0.02 g/mL, 1000 rpm)

It is important for practical applications, such as oil spill cleanup to understand the kinetics of the

oil adsorption. Moreover, the oil uptake rate can be determined to evaluate the performance of
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fixed-bed or any other continues and residence time nedj@ior completion of adsorption. Thus,

the sorption rate is an important factor for the selection of sorbents. To describe adsorption data
and find the possible ratontrolling steps involved in the adsorptionBdkkenoil and Dilbit,
mathematic modelsan be classified as adsorption reaction and diffusion models that are different
in nature(Qiu et al.,, 2009)Adsorption process consists of three steps: 1) film diffusion, i.e.
diffusion from the bulk liquid phase through a film surrounding the particle; 2) intraparticle
diffusion, i.e. diffusion within the poriduid of the particle3) mass action (the oil molecules reacts

with an active site on the surface of sorbent). Adsorption transfer (diffusion) models have been
used to describe the adsorption kinetic results according to the first three steps and reaction models
focus on the last one. In the present study, one film transfer model, tw@antice diffusion
models,andthree adsorption reaction modelsre investigated to ascertain the kinetic behavior

of Dilbit andBakkenoil sorption by hydrophobic dolomite.

Adsorption Reaction Models

In adsorption reaction models, it is assumed that the sorbent removed oil from aqueous solution
by complexation mechanism. The kinetics of oil removal can be represented as Eq. (3):

0
A+0O 'f AO 3)

0
Where O is the concentration of free oil in solution, A is the number of active functional groups
of the sorbents having a long tail of sixteen carbons and Al@isdncentration of oil bound to
the sorbent. Kand K are the adsorption and desorption constant rate, respe(faghand
Pakizeh, 2014)Table3.1.1shows the equations associated wlittee adsorption reaction models
(Rahman and Sathasivam, 2018)l kinetic parameters and error functions data obtained using
the nonlinear method (using Excel Add Solver) are listed in Tab®11. Model parameters are
obtained by minimizing the error functions with smallest SNE. According to the SNE values, Chi,
SRE,andARE were the optimum sets of error functions for PPSO and Elovich. The values
of error functions data and Kinetic parameters obtained using thignean method for PFO, PSO

and Elovich models based on the optimum sets of error functions are shown i8.T&ble
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Table 3.1.2. Equations of theerror function used in this study

Error Function Equation and Number Reference
Correlati 2= >
orrelation =g 5 .
o (Ayawei et al., 2017)
Coefficient 1
(1)
Chi square -g > (Rahman and Sathasivanr
Statistic ) 2015)
Root means RMSE= —B BN\ n . .
(Raji and Pakizeh, 2014)
square error
q 3)
Average relative ARE=—1B A etal, 2017)
awei et al.,
error (4) Y
Standard
= —B
deviation of SKE (Raji et al., 2015)
relative errors (5)

Mar quar

MPDS =100 —B  —— (Vijayaraghavan et al.,
percent standattd
L 2006)
deviation (6)
Sum squares ERRSQ=B 1 n (Vijayaraghavan et al.,
errors (7) 2006)

PseudaFirst-Order Kinetic Studies As can be seen in Tal#el.3, regression coefficient values
(R?) of PFO model were reasonably high, especially in the linear regression method. However, the
calculated equilibrium sorption capacity values obtained tirdbis model were not consistent

with the experimental data. It can imply that the unconventionaé gjl,Bakkenoil and Dilbit)
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adsorption process onto hydrophobic sorlakrgsnot follow this kinetic model. The increase of

the initial rate of sorptio (h) by increasing the oil concentration might be due to higher
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Table 3.13. Parameters of the kinetic models foDilbit and Bakken oil adsorption onto modified sorbents

Dilbit

Bakken o1l

Linear Regression

Non-Linear Regression

Linear Regression

Non-Linear Regression

Kinetc Model Model Parmeters 3000 5000 7000 3000 5000 7000 Kinetc Model Model Parmeters 3000 5000 7000 3000 5000 7000
PFO @op(mgy) 1363 2055 2955 1363 2155 2955 PFO ©op(mge) 457 22035 3033 1457 22035 3033
Gepredicimgle) 4912 8254 21436 13290 21054 29448 qpredicmg/e) 5682 11497 12194 14129 21560 29730

Ki(lmin) 0064 0061 0054 0215 0199 0.150 Ki(Umn) 006 006 0057 0192 019 0191

hy 35 510 1164 2866 4206 475 hy 355 689 695 2725 4096 5678

R 0977 0979 0998 0961 0917 0.9% R 0965 0980 0974 0960 0954 0987

PSO ep(mge) 1363 2155 2955 1363 2155 2955 PSO @ep(mge) 1457 2203 3033 1457 2203 3033
Gpredicimgle) 14492 21739 30303 13577 21531 29707 Gpredic(mgl) 1515 2325 326 1464 2201 3053
Kigmgmin) 000024 0.00015 000021 0.00032 0.0002 0.0002 Kig/mgmin) 00003 000014 0.0001 0.00044 0.00024 0.0002

hy 5133 7231 19602 5898 8904 18796 by 6201 7308 10951 13724 129634 18702

R 0999 0999 0999 0999 0983 0974 R 0999 0998 0999 099 099% 0977

Elovieh @ MIEMN)  c9057 710586 195033 109466 19627 48422  Elovich @ (MEEMIN)  gr0e5 701775 10599 950330 1534 564491
Blgmg 0049 008 0018 0075 0038 0025 Blg/mg) 00411 00282 002 0075 0038 002

b(min) 1139 751 463 001 001 006 W(min) 627 179 697 00013 001 002

R 0873 0716 0756 0997 0992 0987 R 0854 0701 0721 099 0975 0988
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concentration gradienit€.,driving force) at the higher initial concentration of oils. For this kinetic
model, the calculated equilibrium sorption values obtained fromlinear regression differed
from the results obtained from linear regression. This difference might be atdrtouhe fact that

the transformation of nelnear to linear PFO model implicitly altered error structure and might
violate the normality assumption of standard least sq(Regsand Pakizeh,®L4).
PseudaSecondOrder Kinetic Studies: The values of the regression coefficient of the linearized
and nonrlinear PSO model shown in Taliel.3 were the highest among the other studied models,
especially forBakkenoil. Moreover, the experimental sorption capacity matched well with the
calculated values. Fige 3.1.1Zhows that as the initial concentration of oil increased the initial
rate of ®rption (h) values increased due to greater driving force at higher initial oil concentration.
Moreover, with increasing the initial concentration of oils the time required for reaching a specific
fractional uptake increased and subsequently thrat€constants decreased.

Elovich Model: Elovich equation haseen applied to describe the adsorption process of pollutants

from aqueous solutio(Xie et al.,, 2017) The integrated and ndmear Forms of the Elovich

equation ee presented in TabR1.1. The Elovich equation constanks §éndr ) can be calculated

using the gversus log (t4d) plot. But to value should be adjusted using trial and error. After
guessing theptvalue, the amount of intercept/slope ratio should beleguthe assumed value;
otherwise, a new guess should be again applied to repeat the process.-liheangagression

was also applied to analyze the kinetic sorption data ability of Elovich model. The Elovich equation
constants((andb) determined in thénearregression method have been applied as an initial guess
to determine the coefficient of determination by minimizing Root means square error. For both
typesof unconventional oils, the results obtained from nonlinear regressi&lideich equation
shows relatively high Rcompared to PFO model and it might be attributed to the heterogeneous
adsorption sites on the sorbentés surface
heterogeneous systems. This model is suitable iagrdy heterogeneousystem that adsorption
risesrapidly with a shorter time and could describe activated chemical adsorptienhigh
affinity of unconventional oil molecules to active sites due to hydrophobic nature of sorbent
surface, as well as low sdiility of oil in water, resulted in theeryrapid process and trapping of

oil molecules with strong physical bogitbdo and Itodo, 2010; Wu et al., 2009)
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According to the obtained results of the above kinetic models, it was clear that the PSO gave a
reasonable amount of sdign capacity values for botbilsands,especiallyBakkenoil and in a

low concentration of oil. This model assumed that chemisorption isateémiting step in the
adsorption of unconventional oil. Cheu a(2016)also attributed it to the fact thdte rate of
occupation of active sites with adsorbed oil molecules is proportional to the square number of the
unoccupied binding sites on the sorbent surface when the kinetic process follopge tide
secondorder model (Cheu et al., 2016)However, theadsorptionprocess isvery complex
phenomena and theoretical models, such as PFO and PSO might fail to determine whether the
adsorption is @hemicalor physicalprocess. Some spectroscopy tests at thdigail interface,

such as sum frequency generation spectroscopy (SF@)y Khotoelectron spectroscopy (XPS)
have been suggested to study the adsorption of liquid on(¥dadg, 2011)In this study, the
equilibrium data have been analyzed using the DuiRaidushkevitch isotherm model to study

the adsorptiomechanism further. Fige 3.1.15 and 3.1.Xhowacomparisorof different kinetic

models for Dilbit and Bakken oils onto hydrophobic dolomite at three different initial

concentrations
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Fig. 3.1.15. Comparison of different adsorption reaction models fdDilbit adsorption onto
hydrophobic dolomite at three different concentration (a) 300@ng L, (b) 5000mg L, and (c) 7000
mg L (T =299 K, pH = 6.5, Sorbent dosage = 0.2 g/10 mL, 10Q0n)

86



§ 350
v

= B L i Tl L ciaimiins
o 300 e i -------

s ’E gt 7000PPM
=2} %:,—' ,

E 250 s i

' 4/ __________________ _,..,.,,...___.....ni. -_-_-:_-_-_-:—.Q-:::_; _________________________

$ 200 § e 5000PPM
3 ‘I “i’," »

g 150 j::l —= %_:-:;;:;: +=?=F“"'—"———”+"t:::: ;:_-:::::::::::-'-':i
o e _ 3000PPM
U 100 iy + Experimental Data

s w - PFO

£ 50 ff - PO

Q o -- Elovich Model

o H

wv ®

0 10 20 30 40 50 60 70 80 9C

Time ( min)

)
Fig. 3.1.16. Comparison of different adsorption reaction models fdBakken oil adsorption onto

hydrophobic dolomite at three different concentration (a) 300@ng L, (b) 5000mg L, and 7000
mg L-1(T =299 K, pH = 6.5, Sorbent dosage = 0.2 g/10 mL000 rpm)

Adsorption Diffusion Models
As mentioned previously, adsorption transfer (diffusion) models have been used to describe the

adsorption kinetic results. Sorption of oil molecules onto hydrophobic sorbent is composed of three
main steps. Due thé strong agitation of the particles during the adsorption process, mass transfer
from the bulk solution to the external surface is so rapid that it never constitutes tivaititg
step (vell-mixed system). Among three remaining mass transport prosgegeernal film, pore
and surface diffusion), pore diffusion and surface diffusion act in parallel in the interior of the
particles and the proposed models considered only one single internal transport mechanism
additionally to the external film diffusionn this study, linear filrdiffusion (LFD) model for a
sphericalparticle geometry and intraparticle diffusion model (Welderris and the homogenous
surface diffusion models) have been used to determine which kind of adsorption diffusion was a
ratelimiting step. For diffusion kinetic models, the method of-hoear regression was applied
to maximize error function (correlation coefficient) and calculate theaRies.
87



Linear Film Transfer Model
Linear film transfer model (initial slope model) was applied to calculate the-tnaasser
coefficient for surface diffusion proposed by Mathews and W@bar and Pakizeh, 2014This
model assumed equilibrium between the average adsorbent loading (solid phase concentration)
and the concentration of the oil at the interface between the bulk liquid and the particle surface
(Cs). The amount of oil transfer across the liquid film is etputde rate of adsorbate accumulation
in the solid phase and is given by following mass balance over the solution on the basis of
sphericalparticle geometry as depicted in Eq. (4).
—=-Ki (Co-Cy 4)
Where

=— (5)

According to Eq.5., depends on some parameters (i.e. the mass of sorbent, volume of batch

reactor, radius of the particles and the bulk density of the dry sorbents) that have been kept constant
during the present experiments.
In our experiment, it is ab assumed thats@ negligible at small values of time compared with

Cb (Linear FilmTransfer Model) so Eqg.4. can express as follows:

I Eb— =-0 (6)

o

The linear filmtransfer model can describe the concentration of oil at the particle surface over the
initial portion of the kinetic curve when the oil concentration of the intraparticle solid phase is still
small enough and thatraparticle diffusion is not relevarithe value of film transfer coefficients

(U ) were determined using the @, versus time plot (Figre 3.1.17.
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Fig. 3.1.17. Sorption oDilbit onto hydrophobic sorbent using linear film transfer model

The initial rapid uptake represented an initial rapid surface adsorption and external surface loading;
thus, the assumption of negligible intraparticle diffusion might be VRigi and Pakizeh, 2014)

As can be seen in TalBel.4 the R2 values of linear Fiktmansfer model were not high compared

with the kinetic reaction models and the inadequacy of the model means that the iclgapart
diffusion became relevant by proceeding the process, but the system is controlled by film transfer
model when the curve is linear in the early stages of oil adsorption experiments and with the lapse
of time due to the effect of intraparticle diffusjahe model curve deviated from experimental
data. The initial concentration of oil, especially Bitbit, might have affected the mechanism of

adsorption as the?Ralues increased by increasing C
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Table 3.1.4. Error functions data and Kinetic parameters obtained using the nofinear method for
PFO, PSO and Elovich models (conditions: sorbent dosage = 0.2 g in 10 ml solution; stirring speed
=1000 rpm; T =28 ; pH 6.5).

Initial oil Coneentration (mg/L)

Model Parameters Dilbit Bakken Oil
3000 5000 7000 3000 5000 7000
R- 0.961 0.971 0.970 0.960 0.959 0.987
Chi 7.569 9.376 3802 8.700 7.467 6.713
RMSE 11.304 11.969 10.960 16.203 71.879 1.750
PFO ARE 5.020 10.907 9.117 8.456 7.345 19.129
SRE 15.232 16.764 18.672 1316.386 15232 18.564
MPSD 2.348 1.336 0.225 0.071 11830 2204
ERRSQ 1465248 1697.4629 1808.572 1312697  2001.983 2125415
SNE 6.0331 7.236 8.458 7.018 6.921 7.323
R* 0.999 0.983 0.974 0.999 0.996 0.977
Chi ().888 0.663 0.655 1.222 1.198 1.322
_ RMSE 5.731 7.163 8.274 7.468 6.233 6.109
Fso ARE 0.128 -2.876 -3.098 4.153 4.276 6.259
SRE 202.572 204907 203.685 270.494 269.371 264.248
MPSD 0.014 0.012 1.123 0.138 0.124 4.012
ERRSQ 20.083 21416 33.638 14.119 15.242 13.900
SNE 3803 3.9258 3B14 3.402 3.098 3.598
R’ 0.997 0.992 0.987 0.990 0.975 0.988
Chi 5.142 7.598 6.364 4.6774 3553 2.4327
RMSE 1.738 4.193 2.960 11.378 12.502 11.381
ARE 12.344 14.794 13.562 5.944 4.709 5.821
Flovieh SRE 2.773 5.229 3.995 651.050 653.394 653.271
MPSD 0.091 2,548 4313 0.041 0.028 5.012
ERRSQ 290.816 293.273 292.0390 645.402 633.169 621.047
SNE 4.481 6.9377 5.7033 5.523 5.982 5.779
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Intra -particle transfer Model

The intraparticle diffusion model was applied to determine whether padtftlision (diffusion
through the sorbent pores) control mechanism or not. In this study, two different intraparticle
diffusion mode$ were appliedsexpressed iTable 3.1.1This model assumes thexternal mass

transferand film diffusion are negligible and the intraparticle diffusion is the controlling step

Weber-Morris Model

Intra-particle diffusion model based on the theory proposed by \AMbeiis has been considered
as the simplest ingrparticle transfer model thastimateshe boundary layer thickness C (mg)g
and intraparticle transfer constant ratei (mg g* min/?) (Table 3.1.]1 (Raji and Pakizeh,
2014) The Kwwm values were calculated from the slope of the curve diffarent initial
concentration of oil and reported at TaBld.5 The intercept of the plot betweenversus Y2
presented the external resistance, and the observed multiple steps might be attributed to the fact
that the gradually decreasing oil concentration in bulk might prevent further diff(\¢fang et
al., 2002) Moreover, Weber aniorris's model stated that intraparticle diffusivity (it) is
constant and the linear plots of \ersus square time pass through dhnigin if intraparticle
diffusion is the rate controlling factor. For Wekdorris model, the obtained?Rralues showed
that the diffusiorthroughthe sorbent pores are not the ordyelimiting step, especially in the
initial and final stages of adsorption whiée intraparticle diffusion is relatively small and another

mechanism might contribute to oil adsorption.

Table 3.1.5. The file transfer model parameters for sorption of oil

Oil Co(mgL?) 0 b(min?) R?
3000 0.0780 0.905
BakkenOQil 5000 0.0745 0.937
7000 0.0731 0.930
3000 0.0767 0.847
Dilbit 5000 0.0655 0.877
7000 0.0640 0.903
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Homogenous Solid Diffusion Model (HSDM)
HSDM is a typical intrgparticle model that describes mass transfer momogeneousnd
amorphous sphel®iu et al., 2009)The HSDM equation is written as follows by Eqg. (8):

—=——G —). ®
Crankdés solution of this mE@kll97D)s presented a

—=B Q ¢ —8 “ &8 B p QQi—o— o—— (9)

A simpler form (Eq. 9.) f oedth@tbesidesthe precedmg ut i on
assumptions (constant surface concentration for HSDM), it is assumed that the highest amount of
uptake of oil obtained shortly after the beginning of the process, and the individual particles that

have the same size principationtributed to the oil adsorption process

= 'T_ =6 — (10)

Figure3.1.18shows the fractional attainment of equilibriundggversus the square of the time,

mohfor intra-particle transport of oimolecules by modified sorbents at 300@ L-1 initial oil
concentrationsAs can be seen in Fig.13., the slope of curve decreased with the lapse of time that
might be attributed to the restriction of oil molecule movement into the pore volumealliesof
Dappfromlongt i me data can be dedgearsos/ioe gl by blgecohep
the particle sizes of the isolated sorbent particlesurEi¢.1.18depicted a r@uced d@fusion

coefficient by plotting the variation of diffusion efficient calculated at time t=0 versus time. The

diffusion coefficient ofDilbit that contained branched and cyclic hydrocarbons decreased more

significantly compared t8akkenoil dominated by straighthain, saturated hydrocarbons.
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Fig. 3.1.18. (a) and (b) Variation oDilbit /Bakken oil fraction adsorbed with time, (c) and (d)
Variation of Dilbit /Bakken oil diffusion coefficient into the sorbent pores as a function of time

Finally, according to all the abovmentioned modeld?SOmodel described unconventional oll
sorption on hydrophobic sorbents in a much better manner than other models in téwaloéR
indicating that the overall rate of the oil sorption process might be controlled by the oil molecules
reaction with active sigeon the surface of sorbent. However, PSO model is not the only rate
limiting step and other mechanisms may control the rate of sorption, as all of them may be

operating simultaneously (Rige 3.1.19.
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Fig. 3.1.19. (a) and (b) Variation oDilbit /Bakken oil fraction adsorbed with time, (c) and (d)
Variation of Dilbit /Bakken oil diffusion coefficient into the sorbent pores as a function of time

The contribution of diffusion in this process is time andaamtration dependent. As mentioned
previously, the adsorption existed in three stage mechanisms. The external mass transport of
sorbate and external film diffusion in this sorption system may be very fast in comparison with the
intraparticle diffusion anddsorption. In this step, as the initial concentration of oil increased, the
thickness of théoundarylayer and resistance to the film diffusion increased. Then oil species
diffuse through the sorbent pores to access the active sites by intrapartid®uifin this step,

as the initialoil concentratiorincreased, the intraparticle diffusion rate constant increased. With
the lapse of the, tie oil molecules are transported into the interior of sorbent due to capillary
action; however, according to alimed R values for diffusion models, diffusion steps are not-rate
limiting. It might be concluded that large pores size of the adsorbent decreaseuttibeton d

diffusion in oil adsorption. Even though the adsorption diffusion models can not regresesal

course of adsorption for hydrophobic modified sorbents, they can determine mass transfer and

intraparticle diffusion coefficient that are useful for the design of fixed systems. Sidik et.al
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applied the model of Boyd and Reichenberg to stin@ydynamic of crude oil adsorption with
modified oil palm leave$Sidik et al., 2012)They showed that the fikdiffusion was the major
mode of adsorption. Finally, the oil molecules were adsorbed physically by tihe sie of
sorbent and nepolar molecules of oils served as a base layer upon which furthgoafan
hydrocarbons add adsorb and it might lead to an equilibrium time of 80 min to achieve higher

removal efficiency

Adsorption Isotherm

The experimental data on the sorption capacity of hydrophobic sorbents to unconventional oils
(e.g.,Bakkenoil and Dilbit) werecorrelated with six isotherm equilibriums namely Langmuir,
Freundlich, Temkin, RedlicReterson (fR), Khan and Sips model$dble 3.1.1)Isotherm and
equilibrium information of unconventional oil adsorption on adsorbent is critical for the effective
desgn of adsorption system and the overall improvement of the adsorption mechanism pathway
(Ayawei et al., 2017)Sidik et.al reported that the adsorption of crude oil onto adsorbents modified
by oil palm kaves takes place through multilayer adsorption process due hetdregeneous
adsorption sites on the sorbent surfdeet al., 2018a) They simply employed the least square
met hod and Marquardtés percent standard devi a
values and mdel parameterdn our experiment, according to the nature of the surface and coating
materials,it seems that the sorption of oils followed almost all adsorption models. Thus, in this
study, seven different error functions were examined and the isopaeameters were determined

by minimizing each set of error function across the concentration range studied usotyd¢ne

addi n wi t h Mi cr o qQiri and Badat, 016l distineeceetficient and error
deviation data for the adsorption of oils onto hydrophobic sodigained by no#linear and linear
regression method are presented@able 3.1.5 and.6
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Table 3.1.6. Weber and Morris intraparticle diffusion model parameters for the isotherm

Type of Qil Co (mg L) Kww (Mg g*minY?)  C (mg g R?
3000 12.49 47.64 0.9723
Dilbit 5000 2051 20.51 0.9254
7000 29.88 97.55 0.8731
3000 14.03 45.33 0.9530
Bakkenoill 5000 20.94 72.40 0.9091
7000 29.13 87.46 0.8328

Linear Regression
In this study, the correlation of isotherm data @f200067000mg L-1 using six linear regression
isotherm equations, namely the Langmuir, Freundlich, Re@atierson, Temkin, TotlandSips
models were tested to fit the adsorption of unconventional oil by the hydrophobic sorbents (Table
3.1.7) Based a the R values, it is not surprising that the adsorption behavior deviates from the
adsorption isotherm of Langmuir for two reasons. Firstly, the surface heterogeneity of dolomite
that is common in nature might arise from the association with other inpaet@les as well as
energetic heterogeneity of Ca and Mg sites of dolomite suffaai@ovsky et al., 1999Yhus, the
chemical heterogeneity of dolomite surface indicates the heterogeneous distribution of surface
hydrophobicity due to the nemniform adsorption of fatty acid during the coating process.
Secondly, it is reasonable to expect that adsorbate molemuldse surface of sorbent would
interact with each other. FdDilbit, the R value of Langmuir isotherm decreased as the
concentration increased (not presented here) and this indicated that the idealization of non
interaction between oil molecules is rovalid assumption because of steric interaction between
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branched and cyclic hydrocarbof8ilva et al., 2013)The higher value of Rfor the Freundlich
isotherm, especially fdpilbit, indicated that stnger active binding sites on sorbent surface have
been occupied first and the binding strength decreased by proceeding the. p@mesisering

that the Langmuir model was relatively better to desdBlkkenadsorption, it can be inferred

that heterogegity might also be due ilbit compounds. In fact, the presence of 4patar and

polar organic chains caused different properties depending on the oil/naphthEhetaculated
maximum sorption capacity values obtained from Toth model give reasorsis compared

with the maximum sorption capacity obtained using TGA analysis. Table 3.1.7 indicated that the
adsorption oBakkenoil andDilbit decreased with @mperatur¢hat might be contributed by the

effect of temperature on physical properti€esif water,andinterfacial films. Higher temperature
reduces the viscosity of the bulk phase which increases the coalescence rate. Thus, even though
all factors, such as the effect of temperature on the degree of hydration of the organic chains and
othe outcomes must be considered, it seemed that the oil viscosity was the most important factor

during the adsorption proced3atta et al., 2017)
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Table 3.17. Isatherm constants forDilbit and Bakken oil adsorption onto hydrophobic dolomite at

26 and 363
Isotherm Parameters Dilbit Bakkenoil
299 309 299 309
Langmuir Omax Mg g%) 476 485 320.9 315
Ka(mg gb) 0.0022 0.0006 0.009 0.0054
R? 0.8301 0.9529 0.9631 0.9810
Freundlich Ks (L mg?) 5.35 1.64 27.33 20.69
1/n 0.55 0.6 0.66 0.7
R2 0.9986 0.99 0.9964 0.99
RedlichPeterson AlLg) 91 96 224 208
B (Lg?}) 32.6 31.8 8.07 9.6
m 0.3 0.39 0.69 0.64
R2 0.97 0.91 0.97 0.97
Temkin Ky 0.0156 0.0068 0.097 0.06
B 18.8 22.8 39 64
R2 0.99 0.979 0.94 0.98
Sips Omax(mg g?) 373 479 7311 12456
Ks (Lg?) 1.4 0.0005 0.0036 0.0016
n 1.3 0.97 1.37 2.7
R2 0.9 0.98 0.94 0.99
Toth Omax (Mg g?) 479 289 498 471
Kto (mg g?) 1071 10”18 1071 1076
n 0.24 0.36 0.192 0.37
R2 0.99 0.99 0.92 0.94
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Non-Linear Regression

In order to determine isotherm parameters and evaluate the suitability of the Freundlich, Langmuir,
RedlichPeterson, Sips, Temkin and Toth isotherm equations to the experimental data, error
functions are the best optimization procedure. These data aratpreseTable 3.1.8 and 3.1.9

For Dilbit, the coefficient of determination fRset was obtained as the optimum sets of error
function for Freundlich, RP, Toth,and Sips models and, Chi set indicated the best set of error
function for Langmuir and Temkin models. However, the optimum sets of isotherm models do not
have higher Rvalues than the other sets. thus, it is appropriate to usé traue for comparing

the best fitting isotherm. The obtained maximum sorption capacity values obtained from these
error functions gave reasonable values compared with other seit® Eif).2Ghowed adsorption
isotherm plots foDilbit and Bakkenoil onto hydrophobic dolomite usjy the best sets of error

functions for corresponding isotherm models.
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Table 3.1.8. Isotherm parameters and error functions data obtained using the ndimear method

for R-P, Langmuir, Freundlich, Sips and Toth models foDilbit adsorption (Conditions: Sorbent

Dosage: 0.2 g in 10 mL solution, T=26 ; pH = 6.5)

Dilbit adsorption onto hydrophobic dolomite

Redlich-Peterson (Three-parameier [sotherm)

R2 Chi RSME ARE SRE MPSD ERRSQ

A 3 048 03 1.89 1] 048 03
B D.00E+00  0.00E+00  0.00E+00 n28 0 DO0E+00  0.00E+00

m 2.08 2.33 2.08 0n4r 113 133 2.06
R2 .99 099 .99 095 0.94 093 .99
Chi 178 161 1.78 778 887 6.47 1.78
RSME 943 7.38 043 2099 2584 21.75 043
ARE 414 02 4.15 7.64 888 99,93 413

SRE (233 287.04 270.49 21.66 16.53 12.33 270.49
MFPSD 8.61 n.oi .01 [7.25 1476 12.57 .01
ERRSQ 268.2 2873 268.2 13229 20049 14195 2682
SNE 4.42 4.86 457 6.63 572 5.9 4.82

Langmuir {Two-parameter Isotherm)

R2 Chi RSME ARE SRE MPSD ERRSQ

fm jo0.62 633.68 390.64 603.41 569.36 60855 390.68
Ka .00 00009 0001 .00 0.0009 0009 0n.00f
R2 0.97 097 a7 0.97 092 o4 .97
Chi 4.68 4.1 4.67 443 10.88 859 4.67
RSME 14.69 12.06 11.37 14.74 28.58 24.94 11.37
ARE 594 029 394 567 933 822 594
SRE 1233 730.95 651.05 21.66 16.53 [2.33 651,035
MFPSD 1431 0oz .04 13.69 16.03 14.35 .04
ERRSQ 6474 72817 6474 65211 245341 18663 647.4
SNE 563 4.96 352 556 773 6.96 552
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Temkin (Two-parameter fsoitherm)

R2 Chi RSME ARE SRE MPSD ERRSQ
KT i 0 il i i .04 0
N, B 1838 18.06 1838 18,11 20 19.99 1838
R2 .99 .99 (.99 .99 .94 .96 .99
Chi .96 .58 .96 111 7.28 4.89 .96
RSME & 3.73 0.19 9.0f 23.81 19.7 6.49
ARE 2.6 miz 2.6 2.09 7.51 j.04 2.6
SRE 1233 202.57 1922 708 16.44 1246 1922
MPSD 524 0 fl 509 12.85 1032 0
ERRSQ 19203 202.08 192.03 24382 1700.96 116544 192.03
SNE 4.28 34 3.72 3.29 704 377 3.72
Sips (Three-parameter Isotherm)
R2 Chi RSME ARE SRE MFPSD ERRSQ
gm 34257 336.72 342.59 480.1 4008.56 369.63 342.59
Ks 256E-05  186E-05  253E-05 0000618  0.0002925 0.0001637  2.35E-03
n .55 353 .35 .87 77 .69 .55
.99 .99 (.96 .98 .94 .96 .96
R2
Chi .33 .88 .33 328 8.34 J.oi .33
REME 5 5.73 3.98 124 25.06 1972 298
ARE 1.73 miz 1.73 4.09 7.55 6.07 1.73
SRE {233 202.57 7977 26.93 23.55 12.08 79.77
MFPSD 277 0 fl [1.89 13.99 [0.69 0
ERRSQ .09 202.08 79.32 .52 [884.96 116777 79.32

Table 3.1.9. Isotherm parameters and error functions data obtained using the ndimear method
for R-P, Langmuir, Freundlich, Sips and Toth models forBakken oil adsorption (Conditions:

Sorbent Dosage: 0.2 g in 10 mL solution, T=26C; pH = 6.5)
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Redlich-Peterson (three-parameter Isotherm)

R2 Chi RSME ARE S RE MPSD ERRSQ
A 3184 .81 051 4.54 317851 4.49 051
1133 013 .04 .05 1031 .06 .01
B
m .67 0.76 207 .83 .68 .83 2.07
R2 .96 .95 1 .95 (.95 .95 I
Chi 718 729 124.62 7.76 &.02 7.76 124.62
RSME 20.9 17.34 72.84 2379 23.04 2395 7284
ARE 829 .4 31.32 789 9.11 0904 31.32
SRE 1234 149893 15829 2199 1989 1234 13829
MPSD 1499 .03 1.03 i4.13 15.69 1396 i.03
ERRSQ 1309 69 1501.83 15914 36 1696.57 159227 1720 44 15914 36
ENE 6. 06 6.86 7oa k] 786 674 638
Freundlich (Two-parameter [sotherm)
R2 Chi RSME ARE S RE MPSD ERRSQ
Kf 26.98 2229 2263 17.39 19.82 21 41 2263
1N il 34 037 037 0.4f .35 37 37
R2 195 097 ne7 .96 .96 097 097
Chi 713 506 509 6.7 613 512 509
RSME 20085 1233 1287 18 66 18.84 i6.79 1287
ARE 818 5 718 594 6.87 .83 718
SRE 1233 100914 82918 23693 23597 1233 82918
MPSD i14.41 .03 003 15.08 14.07 1322 .03
ERRSQ 130435 83281 829.04 1045.01 1065.57 84655 &829.04
SNE 7.78 6.79 j 57 .59 6.53 582 557
Temkin {Two-parameter Isotherm)
R2 Chi RSME ARE S RE MPSD ERRSQ
KT .09 0.07 0na7 .07 0.07 007 0.07
B 3037 3771 3745 36.65 37.45 37.68 3745
R2 0.944 1977 963 0962 0957 1. 964 0963
Chi 765 518 522 ia6 6.23 521 522
RSME 23.69 1194 1516 2007 2137 19.73 1516
ARE 7.69 31 .46 576 .04 627 .46
SRE 1233 115917 115041 17.07 1713 17.66 115041
MPSD 1279 .02 .02 1197 12.65 114 .02
ERRSQ 167925 1157.11 115023 12087 1371.26 116897 115023
SNE 797 697 797 552 .34 388 578
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Sorption Nature

As mentioned previoug] theoretical models such as PFO and PSO might fail to describe whether
the adsorption process is chemical or physical; thus, the DuRadiishkevitch (ER) isotherm

model were studied to take into account the adsorption energy, as well as distintyuésin tibe
physisorption and chemisorption with Gaussian energy distribution onto a heterogenous surface.
As can be seen in kige 3.1.22D-R fitted to the experimental data provided details about process
that include maximum adsorption capacity)q) the activity coefficient related to sorption
mean free energy (nfo?), and the Polanyi potentigi£ RT In (1 + 1/GQ)) and E the mean free

energy (E =—— Kj mol'}). The E value presents information about the mechanism of the

O 1
VoY

adsorption pocess, describing whether adsorption is occurring chemically or physically.

80000000 130000000 180000000 230000000 280000000 330000000 380000000
7
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Bakken Oil :

y = -BE-09x - 6.5996",
R*=0.9497

y = -9E-09x - 5.4523
R*=0.9747

Polanyi potential
Fig. 3.122. The D-R isotherm linear plot for adsorption of Dilbit and Bakken oil. (T =299 K,
pH=6.5, Sorbent Dosage = 0.2 g in 10 mL solution)

The mean sorption energy were determined as 7.57 and 7.833 Kjforahe sorption oDilbit
andBakkenoil; thus, these results suggest that the sorption proc&ithafandBakkenoil onto
hydrophobic sorbents might be carried out by a physical mechanism.

Adsorption Capacity
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Along with reusability and sorbent cost, adsorption capacity is one of the main factors to compare

the sorptioncapability of sorbent. The adsorption capadaity is strongly dependent dhe m V

and G;t hus, comparison of adsorbentso6é capabilit)
petroleumbasedon ge mustbe calculated under similar conditions. To get maximum efficiency,
literatureoptimizesthe conditions and reported different initial concentration and V/m; thus, the
comparison of sorbents based on the adsorption capacity or maximum capacity can keecbnsid

if all the accessible sites of adsorbents are occupied by oil molecules. The ratio of the volume of

the solution over the mass of the dry sorbent (V/m ratio) can be applied to determine the volume

of water/oil solution that can be treated using Irgod sorbents(seeTabl2 3.1.10)

Table 3.1.10Unconventional oil and traditional petroleum adsorption capacities of various

sorbents

Corange(mg V/m(Lg- gm(mgg

Adsorbent Contaminant |~ e (m
Hydrophobic Dilbit 20007000  0.05 498 205
Dolomite

Hydrophobic Bakken ol 20007000  0.05 530 303
Dolomite

Hydrophobic ol 4o oii 6400 0.1 1160 645.73
palm leaves

Graphene Oxide Diesel 25-200 40 1335 570
rGO-Fe203 Diesel 25-200 40 1213.2 337
Eggshells Crude oil 195 150 109 108
Hydrophobic

Wood Sawdust Gasoline 1000 250 225.94 123.46
waste
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A greater V/m ratio and initial concentration enhance the mass transfer driving force and lead to
greaterge. Choosing low initial oil concentration and high V/m ratio result in better comparison.

3.1.4.Conclusion

The natural dolomite and other types of mineral satggenerally adsorbgalar components due

to their ionic nature and possess poor sorption capacity foipolan and highly insoluble
contaminants. But the palmitiacidmodified dolomite (MD) was adw-cost chemical and
efficient hydrophobic adsorbent for the removal of spilled unconventional oil Mileif and
Bakkenoil) from water surfaceddydrophobic modification of dolomite results in a high affinity
of the surface for aliphatic compoundspesally in the presence of hydrogen bonds between
water molecules that repel oil drople®ollowing the surface modificationhé SEM images
showed the rough surface of modified sorbents due tprésmenceof magnesium and calcium
palmitate on the suréa of sorbents. The FTIR spectra of modified sorbevealedhe influence

of fatty acid coating and esterification mechanism. In the case of complex mixtures of
unconventional oil, thextentof petroleum hydrocarbon sorption was studied usipgramete

that is easily measured, such as zeta potential. The lower amditiiiopHzpc compared to the
Bakkenoil confirmed the higher content of acidic compoundBiibit than inBakkenoil. TGA
analysis demonstrated that the adsorption process was aofurmdtipalmitic acid loading,
temperature, adsorbent dosand initial oil concentration. Even though the removal of
unconventional oil by hydrophobic sorbent is very rapid, as more than 85 and ThiitoaAnd
Bakkenoil removal are achieved in less thad min, the adsorbed ngoolar molecules of oils
served as a base layer upon which furtherpalar hydrocarbons could adsorb and it might lead
to anequilibriumtime of 80 min to achieve higher removal efficiency. Equilibrium was achieved
in 80 min; the Freundlich, Langmuir, Redli€teterson, Sips, Temkiand Toth isotherms were
fitted to the equilibrium sorption data by linear and4fiaear regression methodsthe following
order Dilbit andBakkenoil), according to the SNE values: Sips (2.13) > Toth (2.81) > Temkin
(3.40) > Freundlich (3,49) >R (4.42) > Langmuir (4.96). And Toth (4.04) > Sips (4.5) > Temkin
(5.52) >Freundlich(5.57) > RP (6.3) > Langmin (7.1). For both tested oils, kinetic adsorption
behaved as a pseudecond kinetic model. The Dubiniadushkevitch (ER) isotherm model
was studied to take into account the adsorption energy, as well as distinguish between the

physisorption and chemigation with Gaussian energy distribution ontbederogeneousurface.
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The mean sorption energy was determined as 7.57 and 7.833 Kfondhe sorption oDilbit
and Bakkenoil. The sorptionprocess oDilbit and Bakkenoil onto hydrophobic sorbents wa

carried out by a physical mechanism.
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BRIDGE-1

After preparation and characterization of lowast hydrophobic sorbent, the extend
sorption and the influence of controlling variables on the sorption capacity of mo
dolomite were investigated. Next phase of study focused on the practical applica
prepared sorbent in large scale water treatment. The potential of both packed and f
bed treatment columns of modified dolomite for removing unconventionad viel as the

modelling of these processes were investigated

From here on, ABridgeod means: Link between
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Abstract

In our previous work, it was reported that modified dolomite exhibited higher oil sorption capacity
and oil/water selectivity than raw dolomite. this study the performance of modified dolomite

for removing oil from laboratory synthetic ai-water (o¥v) emulsions in packed bed (PB) and
fluidized bed (FB) modes was investigated. The breakthrough experiments were accomplished,
and several aspects such as process operating conditions, mass transfer characteristics, and
hydraulic characteristics of the cohns were determined. The conditions (i.e., surfactant
concentration, mixing stirring rate, and zeta potential) at which the emulsion stability was found
to be maximum was studied to increase the resistance of the dispersed oil droplets against
coalescenceFor the most stable emulsions, a series of experiments were performed to investigate
the effect of parameters, such as influent oil concentration-g80@ng L), flow rate (1620

ml/min), and particle radii (0.68.15 cm) on the oil removal efficiepof the modified dolomite

in a fixed bed treatment column. Optimal operating conditions: 15 ml/min flow velocityng50

L influent concentration of oil in the o/w emulsion and 0.08 cm of particle radii resulted in the
adsorption capacity of 0.44 oirg dolomiteOf the bedAs the adsorption isotherm was favorable, we
assumed the same breakpoint criteria and for large size column, oil concentration in the outlet was
determined by experiments can be done to verify the reJutsircumvent the occurrence of
coalescence and flow rate limits for fixedd column, a fluidized bed of hydrophobic dolomite

was applied. A model was also developed to predict the fixed and fluidized bed experimental
results based on kinetic and equililon batch measurements of the modified dolomite and the
stabilized o/w emulsion. The results showed that the breakthrough curves in fluidized bed
adsorbent are different than those obtained from fixed bed adsorbent due to axial mixing occurring

in the sold and liquid phase.

Keywords: oil adsorption column, hydrophobic dolomite, unconventional oil, Packed bed

columns, Fluidized bed columns
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3.2.1.Introduction

Unconventional oil is petroleum that requires extraction using techniques other than tioa&ladi
oil-well method to guarantee the viability of the oil recovery from tightsdvadereservoirs and
subsequent transportation to storage facilities, terminals and refineries. The share of
unconventional fuel sources in the oil market is growing in terms of usage. For the past 50 years,
the United States has dre importing products of unconventional oils from oil sand deposits
concentrated in the northeastern part in Athabasca, Cold Lake, and Peace River regions. The
demand for the commercial level of oil sand implies a much higher transport demand and as a
resut higher risk for the occurrence of pipeline accidents. Therefore, the removal of spilled oil
from water resources is still a very topical environmental and economic issue for
CanadiangDavoodi et al., 2020; Davoodi et al., 2019; Mowla et al., 2013)

A great deal of effort has been made for treatment of pollution caused by unconventional oil spill
as well as produced eivater emulsion that has been linked to industrial sources, such as the
general food, textile, transportation, and petroleum indgs{iiang and Lim, 2006)For
example, the development of innovative efficient oil adsorbents has been studies recently as
processes for oil recuperation and attenuation measuwéiictenty and timely contain the spread

of oil and control the hazards (spil$yshina et al., 2015As for industrial oilywastewatersnd
immiscible oil/water mixtue, they have to be separated to meet stringent emission limits before
disposal. At present, various methods have been used to decontaminate the water of petroleum and
oil products. The best available technologies for oil removal include chemical treagnaenitiy;
separation, parallel plate coalescers, gas flotation, air flotation, jet flotation, dletditimn,

cyclone separation, granular media filtration, cartridge filtration, biological aerated filtration and
adsorption(Pintor et al., 2016A\merican Petroleum Institute (API) separators and Dissolved Air
Flotation (DAF) devices are used to remove free oil and dispersed oil from wastewater,
respectively(Bennett and Peters, 1988; Refining, 19@%9)ey can achieve an efficiency of 98%

of oil removal. However, for API separators, the oil droplets need to be relatively large to coalesce,
and DAF separators require the injection of air and addition of pH regulators and coagulants which

contribute to the operating cost.

112


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/shale

The use of dispersants which makes water resources more toxic than oil has changed the scenario
for spilled oil clean up. Thereffe, the removal of spilled oil from water resources is still a very
topical issue(Doshi et al., 2018 Coalescers for oil/water separation are not appropriate for
dispersions that contain surfactants and eddwrs. So, among physicochemical methods,
adsorption has attracted much attention in recent years. Manufacture and use of modular equiplemt
for control and recovery of oil spills by engineered adsorption systems using granular acticated
carbon ad orgaodgjas one example for this physicochemical mett{dtbwla et al., 2013Pue to

the low initial cost and low matenance costs, packed bed systems are commonly used to perform
separation processes in the industrial processes, such as absorption, stripping, and distillation, and
to carry out chemical reactions involving sold particulates either as a reactant alyst.cebr
environmental water treatment, many studies using packed beds for the adsorption of oil and VOCs
from an aqueous phase are also well documented in the liter@mag, 2011)Removal of
emulsified oils can be achieved by using activated carbon adsorption or membrane filtration.
(Ayotamunoet al., 2006; Cambiella et al., 2006; Mathavan and Viraraghavan, 19989
organoclay or other adsorbents such as sawdust, peat moss, organoclay, and nylon fibers in packed
bed filters have also been studied to enhance cdilration performance as a ptesatment for
activated carbo adsorption system. As the agueous solution passes through the packed bed column
containinglow-costadsorbents, the organic contaminant is adsorbed by the sorbent and the quality
of the effluenis improved. A packed bed operation has some disadvantages, including channeling,
dead zones, and a higihessure drop across the coluf®mntor et al., 2016)Wanget al have

studied the benefits of using inverse fluidization (i.e., excellent mixing between the solid particles
and the liquid) as compared to ama simple packed bed of particig¥ang, 2011)

The objective of the present study was to investigat@aotential of both packed and fluidized

bed treatment columns of hydrophobic dolomite granules for removing unconventional oil from
laboratory synthetic oiin-water emulsions, and the modeling of these processes. First of all, the
effect of several procesrariables on the stability of o/w emulsion was studied by measuring the
relative volume of the emulsion after 24 h of the preparation of the emulsion. Subsequently,
removal of the synthetic unconventional oil in water emulsion stabilized with Tween 80 wa
studied using packed and fluidized bed treatment columns. Firtabyeffects of various
parameters such as oil concentration, flow rate and particle radii on the oil separation coefficient

have been studied.
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3.2.2.Experimental Section

Experimental Segup

Hydrophobicity of synthesized particles

Contact angle measurements were conducted using a FTA 200 Dynamic Contact Angle Analyzer
(First Ten Angstroms, Inc., Portsmouth, Virginia). To obtain the contact angle associated with the
hydrophobic dolomite, the contact between watepsand a chip ofmodified dolomite pressed

from the powder (baseline) was defined manually and the water outline was determined
automatically. The contact angle was automatically calculated by the FTA 200 software at the right
and left side of the water drop profile. TWwater drop was symmetrical that shows the smoothness

of the surfac€Lapointe et al., 2016)

Packed Bed Columns

The test columns consisted of a 5 mm thick Teflon tube (141 mm long by 51 mm inside diameter).
Each column end acts as a reservoir to distribute uniformly the water inflow and outflow. Four
stainless steel plates and threaded rods with nutddgle@nds and the Teflon tube tight together.
Before the experiment, the modified dolomite was placed into the columns in successive layers of
10 mm thick and then compacted by dropping a 365 g weight. Nylon meshes were placed between
the adsorbent anddhend of caps on both extremities to prevent dolomite particle losses. The
columns were weighted to establish the quantity of adsorbent inside (full column minus empty

column). Figire 3.2.1 shows the experimental setup of the fikemti column.

— Fiber-pa

o

0o

po0 LA

QI Isi Pump Clean water
emulsion ,
Fixed bed Column O/W emulsion

Fluidized bed Column

Figure.3.2.1.Experimental setup of fixed and fluidized bed columns
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The columns were filled with water, following the circulation of@©a pressure of 4 psi to ensure
complete water saturation by removing entrapped air. CO2 is soluble in water amnibgkes
were assumed to be dissolved in water. The columns were then saturated with deaerated water at
a flow rate of 5 ml/min for about 24 hours from bottom to top to eliminate Cke saturated
columns were weighed and the volume of pores in each colammeasured using the following
Eq. (1)

Pore Volume & -a a (1)

Wheread ,& andd arethe saturated column mass, the mass of water in both ends reservoir

and the mass of dry column. The porosity was determined by converting this magsrointo

volume at ambient temperature.

Packed Bed Column Characterization

For laminar flow through the saturated column, the permeability coefficient K of each column was
obtained using Darcybdés | aw (Eq. ( 2cptgs foathed per f

three hydraulic gradients imposed at 5, 10 and 15 cm.
L — 2
The permeability coefficient of the clean column and the used one was determined and compared

to confirm the assumption of the constant column porosity dunmg@xperiments (Fige 3.2.2.
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Fig.3.2.2.Hydraulic conductivity measurement set up

Permeabil ity of fresh and saturated columns w
flow of a fluid through a porous medium. Permeability was measured in the laboratory by flowing

fluid of known viscosity and setting the fluid to flow at a sedraylic gradient and measuring the

flow rate produced. The porosity and pore vol
column was measured by subtracting the weight of a fully saturated column and the total weight

of dry-packed columns.

To descibe the dynamic behavior in the fixééd column, the axial dispersion coefficient D

was measured to verify the assumption of dispersed plug flow. Potassium bromide was used as a
conservative tracer for column study and its concentrations in the effleemimeasured through

time using a bromide ieselective electrode detector. Og8@nks solution was applied to the 1

D advectiondispersion equation for a continual source of bromide released from the column

at an initial concentration Lof 1000 “g/L. Dispersity was obtained by trial and error with

dimensionless form by using the edienensional dispersion Eq. (3) as given below:
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To measure the oil removal capacity and efficiency, a-hogimcentration stableil-in-water
emulsion was stirred by a magnetic stirrer and was injected into the piping system by the peristaltic
pump upstream of the static mixer and the fibed column. Samples of water of about 10 ml,
upstream and downstream of the fixed bed wakert at regular intervals for silica gel column
fractionation.

Fluidized Bed Columns

Liquid-solid fluidization systems have been applied in industry for chemical, petrochemical and
biochemical processing, including leaching and washing, adsorption aegidbange with inert

and electrically conduction fluidized particle@®intor et al., 2016)in this study, the oil
contaminated water flowed upward through a distributor and the bed of particles as shown in
Figure 3.2.1The test columns consisted of a transparent PVC tube (150 mm long by 51 mm inside
diameter). The oil droplets entering the fluidized bed were smaller thamZ@mulsified oil).

The experimental setp used for the fluidization of modified dolomite theonsisted of a
fluidization column, valves and piping, pressure gauge and a barometer. Only clean deionized
water was used in the hydrodynamics experiments. To run a typical experimental test, the pressure
drop across the empty fluidized bed column wasasared to determine the correlation between

the pressure drop and fluidized bed with flow rate. The particles were loaded into the fluidization
column,and it was filled with water from the bottom and air was completely removed by a vent.
Next, the waterflow was fed at the bottom of the column through a distributor to prevent
challenging and clogging. The particles were fluidized by increasing the flow until the pressure
drop is greater than the weighitbed pressure drop. Pressure drop and bed heigatmeasured

at each flow rate by gradually decreasing the flow of water until the bed height had expanded by
at least a factor of two. In the fluidized bed experiments, the oil removal efficiency and capacity
were measured at a constant water superfigkdoity above the minimum fluidization velocity

and a constant static pressure before the column to ensure consistent reading. As mentioned in the
fixed-bed column section, samples of water of about 10 ml were taken at regular intervals for silica
gel colunn fractionation until the expanded bed reached the bottom of the column. No control
valve was used in the inlet line to prevent possible coalescence of the dispersion. A filter cloth was
used as the distributor at the bottom and top to prevent the baakfiine bed materials for the

fluidization process and the entrainment of fine particles. To avoid the problem of air entrainment
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during the stirring, a stainlesseel sheet was attached to the baffles and the liquid surface was
adjusted to leave no gapetween the sheet and the liquid surface. The hydrodynamic
characterization of liquid phase fluidization was done to determine fluithedaolumn voidage
(RichardZaki Equation), and soliphase axial dispersion coefficied®(= 0.046 8 & /s).

Preparation of O/W emulsion

The o/w emulsion was prepared synthetically by miBagkenoil in tap water, and sodium lauryl
suphate (SLS) at 1300 rpm. Since SLS is more soluble in water (the continuous phase) than the
oil, with a very high hydrophildipophile balance (HLB) has been applied to stabilize the
emulsion. The stability of o/w emulsion was characterized by measuring the relative volume of
emulsion defined as the ratio of o/w emulsion volume after 24 h of its preparation to the total
volume of oil surfactant and water used to prepare the samples.

Silica gel column fractionation

According to ASTM D4124, dasphaltened unconventional oils were separated using column
chromatography into saturates usingexane, aromatics using DCM followed by a blend with n
hexane, resins using a blend of methanol with DCM and other polar hydrocarbons using methanol.
(Rudyk, 20B) To determine different fractions of crude oil, about 100 mg of unconventional oil
was loaded on the top of a silica gel column and eluted with 40 npalan hexane solvent. After
collecting 40 ml hexane containing alkane fractions, the columnaaaed using hexane/DCM
(50:50) to separate aromatic fractions from the column. Finally, resin and other polar fractions
were collected using 40 ml of methanol/DCM (4:96) and methanol, respectively. 3.adle

shows the composition for unconventionaluskd in this experiment.
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Table 3.2.1. Composition of unconventional oilgakken oil)

Typical Composition Range (wt.%)

Sample
_ _ _ _ Volatile
Aliphatic Aromatic Resin and other polar compounds
Components
Bakkenoil 40.27 23.03 0.61 36.07

Figure 3.23 shows schematic of the process of components fractionation. As mentioned previously, samples of water of about 10 ml
were taken at regular intervals and the hexane was used to extract the crude oil from samples (Usligxad@). After 10 minutes

of mechanical extraction, a water bath evaporator using a nitrogen sample concentrator was applied to recover thé/loéxaom oi
mixtures and prepare the sample for analysis. As mentioned previously, alkane concentration in samples was appkéidddahenod
behavior of contaminant adsorption in treatment columns with modified dolomite and total petroleum hydrocarbon (TPH) was

determined to study the adsorption performance.
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Theoretical Model

The performance of a column is described through the concept of the dynamic breakthrough
behavior of oil adsorption with the adsorbent. The shape of the breakthrough curves and the time
for the appearance of the contaminant in the effluent are importantiehestics to describe the
emulsified oil adsorption in the treatment column. The effect of mass transfer in the breakthrough
curve is complex, mainly if the isotherm is expressed bylm@ar mathematical equations.
(Barros et al., 2013Yhe breakthrough curves in fluidized column are different than the fixed bed
adsorbent due to the axial mixing occurring in the solid and liquid phases, especially when the bed

height is relatively short.
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As discussed elsewhere, the adsorption exfiliitéourstage mechanisn{Pavoodi et al., 2019;
Zhang et al., 2016)

a.

=4

C.

d.

The external mass transfer of sorbate

External film diffusioni.e.,’Q [cz @ ]
The intraparticle diffusion and adsouqutii.e.,—

In the final stage, the oil molecules were adsorbed physicallyji.e.Q @~

For the fixedbed column, the governing equations of the model were derived based on the

assumptions listed below:

1.
2.

© N o g &

A dispersed plug flow model with an axial dispersion coefficient.

The radial concentration gradients are negligible in both the solid and liquid phases of
the adsorbent.

The adsorption is sufficiently rapid so that a local equilibrium is establishdueat t
particle surface between the oil concentration in the solution and the adsorbed phase.
Uniform flow rate,porosity,and no chemical reactions.

The mass transfer coefficient is lumped by external fluid film resistance and diffusion.
The linear velody of the liquid phase varies along the column.

The macreporous adsorbent particles are spherical and homogenous in density and size.
The externafilm mass transfer coefficiettim, is used to characterize the mass transfer
across the boundary layersaunding the solid particles

The solidphase solute concentration (amount of solute adsorbed onto the adsorbent) is

assumed to be in equilibrium with the ligtptiase concentration at the adsorbent surface

(o ).
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Fig.3.2.4.Concentration profile in a dolomite particle. a) at « 4. b)attx 4
Figure 3.2.4shows a schematic drawing of concentration distribution of the oil under a combined
resistance such as the external diffusion and pore diffusion cdntefixed bed, the continuity
eqguation around a segment of the solid phase during the time dt and between the height of x and

X+ dx is
—=0 — 6—2v— ——— (4)

Where bed porosity- ( and superficial liquid velocityvj may be expressed by Eq. (5) and (6)
v o— )

L == (6)

1 denotes average concentration of sorbate in adsorbent particle, which forms a link between the
fluid and solidphase mass balance equatiohs.can be seen in Eq. (4) the concentration of the
sorbate varies with the time and position; thus. the phenooginal model is represented by
partial differential equations that are difficult to be solved analyticélguros et al., 2013)he
relevant initial and boundary conditions are described as follows in breakthrough curves:

Initial Condition:
t=0,0<x<0 ;. ¢c=0

Boundary Condition:
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Xx=0,t>00 —= v(&Ozd )

X=0 1> 0;— =0

The initial condition mathematically represents the fact that initially there is no oil concentration
in the column.Boundary condition 1 relates the effects of the axial dispersion to the feed
concentration of oil. Boundary condition 2 implies that at the top of the column where there are no
more adsorbent particles, there is no change in oil concentratiersuperfial velocity is fixed

bed adsorption is not constant because of oil adsorption. For liquid adsorption, the total mass

balance is given by Eq. (7) by assuming the liquid density to be constant to determine the variation

of velocity of the bulk fluid alonghe axial direction of the bed.
"—= p - — ()
The term— represents the overall rate of mass transfer averaged over a particle. The velocity
boundary conditions are
V=zw, Z=0,t 7
—=0,Z=L,t 1
When instant equilibrium is reached (equilibrium theory) in the bed between the bulk flow and the

adsorbed phase, i.e., no mass resistancej thg = Q © - and— — — . But non

equilibrium theory has been appligdthis study due to the mass transfer resistances. The mass

balance for an adsorbent particle yields the following expression

— =f (oM

The aboveamentioned mass transfer rate expression has been written as a single equation, but it
commonly consists of a set of equations comprising one or more diffusion equations.

By assuming steadstate conditions at the fluigblid interface, the mass transfer rate acrros the
external film is supposed to be equal to the diffusive flux at thecfgstirface. Thus, In the solid
phase, there is no convectiflew, and the solute uptake is controlled by the diffusion rates hence
AAAOI ODADEERAII 1T AAT EOABEI T PEOAEAT AO

CABIAAOTI OPOET 1

i.e.,it gives Eqg. (8), massansfer rate across the external film,
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T = (8)

Where C and® represent the adsorbate concentration in the fuid phase and the average free

concentrationnside the particle. Eq. (8) can be apglto determine the las term in the EqQ. (4). As
can be seen in FiguB2.4 It is supposed that the mass transfer resistance between the bulk phase
and the macrgorous liquid phase is localized to an external film around the adsorbent particles.
(Ahmad and Hameed, 2010; Salim et al., 2019; Shafeeyan et al.,|80drdler to determine the

overall rate of mass transfer averaged over a partiee { should be determined using

macropore diffusional resistance that is applicable for diffusion in sufficiently large poresnis ofte
referred to asnacrosporaiffusion. In macropore diffusion, transport occurs within fifilekd
pores inside the particleéShafeeyan et al., 20140 this stage, the macroscopic conservation
equation for a sphericaldsorbentaking into account pore diffusion of the adsorbate is given as
Eq. @0).

Macropore balance:

4 p -7 — ——i O — - (10)

This differential mass balance equation is used to determine the concentration of contaminant

penetrating macropore volume at each radial position. Initial Conditions:
0<r<i,t=0;®=0 5 pm mglL?

Boundary Conditions:

r=i,t>0— = (cz® ) ; (The continuity condition on the external surface)

r=0,t>0,—s =0; (The symmetry condition at the center of the particle)
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Eq. (10) represent a differential mass balance equation over a spherical adsorbent particle. In the

above equation is the average adsorbgtiase concentration in the macropore, which is related
to the adsorbate flux at the micropore mouth by using 0 & ‘@’ -fj). Wherej is the distributed

adsorbate concentration in the micopore ard “® the barrier transport coefficient. In this study,

the sorbed oil is assumed to be in equilim with free concentration at all points within the
particle according to the equilibrium isotherp ( i ). In this equation, the right side represent
adsorbeephase diffusion and approximate diffusive process in macropore resig@nateyan

et al., 2014)or particles that have no macropores, such ag/gelionexchange resins, or when

the solute holdup in the pore fluid is small,may be zero(LeVan et al., 1997In this study it is
assumed that the sorbed analyte is in equilibrium with the free concentration at alivgthint

the particle according to the equilibrium isotherm. In some literatye; G @ r = R (Bulk
concentration at the surface of particle) boundary condition has been applied instead of the
continuity condition on the external surface due to the @ddkformation about mass transfer
coefficient.Eq. (10) is solved using these stated initial and boundary conditions. The presence of
internal diffusion resistance affects the shape of the breakthrough cush@@§). The initial
condition describes éhfact that the adsorbent particles initially contain noldiere is symmetry

at the center of the particle according to boundary conditidgthgsically, the second boundary
condition describes the fact that the increase in the oil concentration reiglttributed to the

mass of oil that is transferred to a particle at its surface. The boundary conditions for pore diffusion
relate the pore concentration changes to film mass transfer effects as a function of position in the
column. Likewise, the secon@bndary condition describes that the diffusional flux at the surface
eqguals the external flux. This boundary condition relates the changes in the pore concentration to
surface phenomena such as solid dispersion (in fluidized bed) and film mass traagterction

of axial position in the column.

Assuming instantaneous equilibrium, it gives Eq. (11),
—_— — — (12)

Then rearranging Eqg. (9), it leads to Eq. (12),

— +-—) (12)
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Eq. (12) implies that the component accumulates on both pore and solid phases with the local
equilibrium between them. As can be seen in thargi@.2.4 due to the external film resistance

measured by the external mass transfoefficient,”Q hthe concentration of emulsified oil

dropped froma  at the bulk, to the equilibrium valué @ on the particle surface.

Later, the value ofo  dropped further to zero at point r in the particle interior due to the internal

resistance measured bypb (Ko et al., 2001Based on the preliminary resokthe batch studies,

transport model parameters ofxPand pore diffusion coefficient gg) were calculated using
Darcyods | aw, and Homog e‘lcr)IEoi—u:s =% 0+ )drespeictively(i-s i o n

109.) Mass transfer into the particles was determined usingar FilmTransfer Model (

I E — "Q 1), and compared with obtained values using column study results (i.e., the
average free concentrationinside the particled (® ) (Eq.S12) and concentration
gradient inside the particle near the surfaee). = (cz® )

Freundlich model isotherm was applied to relate the equilibrium concentration of the oil in the
solution and on dolomite particles. Because of the very fast mass action occurring on the oil
adsorbent sites to uptake the oil, the splichse concentratiomd the pore solution are assumed

to be in equilibrium, and denoted By. (13)

AR =0 & (13)

The proposed model can be used for understanding the dynamics of thedikékatment
column for the adsorption of orgariompounds. This model that is composed by Eq. (4,8,12) is
used to describe the aliphatic compound removal in a fixed bed column packed with hydrophobic
dolomite and take into account the external and internal mass transfer resistamee 3Rd%b

shows tle computational procedure for simulating the fixed bed adsorber performance.
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Forj=1:m

/ For K =2: L-1 \

ij+l
Fori1=2:n-1
Cpij+l
end
\ end /

For k=1: L-1

U j+l

end

end

dz=7Z/L;dt=T/m ;dr=R/n

Figure.3.2.5.Schematic of computational procedure for simulating the fixeebed adsorbent

performance

n stagesvere consideredwith the stage numbering starting on bottom of column (K=1) and

continuing until top is reached (k = L). After calculating (o ) at stage K and time j+1,

concentratiorof oil and velocity of bulk were obtained at stage K and tinie j+
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For the fluidized bed column, the mass balance with respect to the adsorbate in the liquid phase
and boundary conditions are the same as Eq. (14) in the packed model and the only difference is

that the void fraction-() is applied
- —=-0 —z-6—z-v— p - Q [czQ] (14)
The initial and boundary conditions are the same as in the packed bed model. The liquid void

fraction in the expanded bed (was calculated using Eq. (15).

a (15)
00

- P

Liquid-phase axial dispersion coefficier® () has been calculated using the Ogata & Bank
solution that is a famous analytical solution to the following formad¥ectiondispersion

equation.
—=0 —z7vVv— (16)
Some literature applied Eq. (17) in the solid phase that accounted foepkald axial dispersion

in terms of the amount of oil adsorbed:

i 'OTﬁ OQrR 6 0
To Ta MY (17)

Since there are no experimental data available for solids mixing for the particles of interest in a
fluidized bed, literature usually applied the correlation of Van Der Meer et.al. (1984) that used
experimental values for the =irficial velocity at each expansion:

Solid-phase axial dispersion coefficied®() = 0.046 8 & /s (18)
Our results showed that the axial dispersion model might not be applicable for a solid phase and
for each experiment soliphase axial dispersion coefficient has changed due to agglomeration of
particles. Some literature applied stirrer in fluidized bedtters and columns where particles are
smalls to provide large surface area and avoid particles from sticking to the walls and aggregating.
(Sahoo and Sahoo, 2018jithout the use of stirrer thatrovides agitation, the following mass

balance could be applied in solid phase instead of Eq. (19).

O0—=, — 6 6 dz (19)

v

Where q is the average solathase concentration at a given height. The initial condition is
t=0,q9(z,00=0,0 ¢ O
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In the calculations, the error between experimental and predicted values was calculated using the
absolute average deviation (AAD):

56 G B s : (20)

Where n is the number of experimental data; <x &ando 1 Gare the aliphatic
concentrations in the solution at the column outlet experimentally obtained and deteboyihe

model (mg/L), respectively. AAD 18t ishows that the predicted results could be highly
consistent with the experimental data. Thus, the model may not provide a general agreement with
the experimental data if AAD 1. (Lin et al., 2017)

Removal of oil from water in a packed and a fluidized bed of modified dolomite

In this work, the oil removal efficiency and capacity of #asorbent particles are studied by
measuring both the inlet and exit concentrations of oil as a function of time and the breakthrough
point (G ou/Co = 0.05 )and saturated point( o,/Co = 0.95 )breakthrough time using numerical
integration of the ara above the breakthrough curve Eq.(21):

(21)

a —  p -t
The breakthrough curve in each experimental run is obtained from the experiment concentration
versus time data. Performance investigation on fixed tredtment column applied the
breakthrough curve, a plot of the duration of the test against the total petroleum hydrocarbon in

the effluent stream of a mixture of oil and water. Aliphatic compound concentration in the effluent

stream was applied for mathatital modeling and comparison of different mechanisms.
Statistical Analyses

Statistical analysis related to the analyzed parameters, such as stederthe pvalue of all the

data sets were performed in ORIGIN software (version 8.5; Origin Lab).

3.2.3.Results and Discussion

previous study(Davoodi et al., 2019n this study, the contact angle measueat confirmed the
hydrophobic nature of modified dolomite which plays an important role in adsorption process.
Figure 3.2.6shows the contact angle between the droplet of water with the adsorbent surface. The

water droplets on the chip surface flows geaind retain its special shape with contact angle more
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than 90 degree. Thus, th#roduction of fatty substituent with chain length greater than C6 in the

dolomite that formed hydrophobic dolomite, enhanced the affinity of modified dolomite toward
adsorlates.(Lavagna et al., 2019)

Angle = 38,15 degrees Angle = 113,26 degrees
Base Width = 4,5768mm (a) Angle Left = 109,05 degrees

Angle Right = 117,46 degrees (b)
Base Width = 3,6100mm

Figure.3.2.6.Water contact angle on(a) raw and (b) modified dolimite surface ) Modified
dolomite (d) raw dolomite

As mentioned previously, the value of the kinetic mass transfer pararfeserd Dypy and axial

dispersion () would be estimated from the fitting of the model to the experimental data of the
breakthrough curves in this study. However, the performance of modified dolomite should have

been investigated in a batch system for gaining a good initedsgQur previous study also
compared modified
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dolomite adsorbent capacity for oil removal with other-koygt adsorbents and found it as a
promising alternative for removal of emulsified oil from solutiofi@avoodi et al., 2019) The

study of adsorption column is very difficult due to several mechanisms that occur simultaneously
including sorption and coalescPreparing a stable emulsion was important to circumvent the
coalescence; thus, the effects of various process variables on it were studied as described in the

following sections.

Effect of surfactant concentration, agitation and the time omixing on emulsion stability

Figure 3.2.7(A, B, C) shows the effect of surfactant concentration, stirring intensity and mixing
time on emulsion stability. It was observed that the stability of emulsion increases with an increase
in the surfactant contenp to a certain concentration that might be attributed to the formation of
tough film at the interface that prevents the coalescence of oil droplets. The optimal surfactant
concentration (0.9 %) showed 95 % stability of emulsion but as the concentrfatiorfactant
increased further, the rapid coalescence of oil droplets resulted in the emulsion stability decrease.
Similar results were reported by other authors as well. Tcholakbahshowed that at low
emulsifier concentration, the mean drop size digpdecreases with the increase of emulsifier
concentration, which might be attributed to the important contribution of the-diomp
coalescence. Higher intensity of agitation that resulted in higher turbulence and shearing action in
a system also was dmal to obtain smaller oil droplets and more stable emulsion. As can be seen
in Figure 3.2.7 after 1500 rpm, the relative volume of the emulsion increase is very slow. The
selection of suitable mixing time is one of the most important tasks in the preparko/w
emulsion. As can be seen in &ig 3.2.7(C), the o/w emulsion stability remains almost constant

from 25 min to 40 min and thereafter slowly decreases with an increase in mixing time.
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Figure.3.2.7 Effect of (a) surfactant concentration; (b) stirring intensity and; (c) mixing time on

emulsion stability

Figure 3.2.8hows the schematic presentation of the process of drop deformation to drop breakage,
which could be enhanced using 1 % surfactant cond@mtyaand finally to collision and

coalescence due to the excessive mixing time.
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Figure.3.2.8.Schematic presentation of the process of (A) drop deformation to (B) drop breakage to (C) collision to (D) coalescence
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Column Characterization

To predict the exact distribution of concentrations and get a more accurate indication of the arrival
time, the dispersion was measured using bromide as a conservative tracer and is preseated in Fig
3.2.9.Figure 3.2.%hows that for fluidized bed aml (Dax= 15 cnf/min) it is approaching a well

mixed system in terms of how concentrations respond as a function of step input (Q = 250 ml/min).
The axial dispersion coefficient was determined using the excel solver to minimize the sum of the
square ofthe errors by adjusting the value of the axial dispersion coefficient. For fixed bed
columns, the low value of the axial dispersion coefficient£.431 cnrd/min) might be assumed

the characteristic of normal wegdacked beds which can be neglectedifprid phase systems (Q

= 20 ml/min). It physically represents the behavior of having a small number of fast pathways
through the bed and the relative concentration is 0.5 at t = Advective velocity/ length of the column.
For columns that have been packegnoperly and the dispersion is really large, bromide arrived
earlier, and 50 % relative concentration appeared at the point earlier than one pore volume (PV=
98 ml). (Diffusion dominated floyv

0.9 °
0.8

0.7

0.6

0.5

0.4 °

0.3

0.2

0.1

Relative conventration of tracer
°

Time (min)
—Fixed bed Experiemtal Data ® Fixed bed Ogata bank model
Fludized column Experimental Data ® Fludized bed coloum Ogata bank model

Figure.3.2.9.Breakthrough curve of conservative Bromide in treatment columns.

Adsorption isotherm for the most stable emulsion
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For mathematical modeling of oil sorption, it is necessary to obtain the considerations of the system
phase equilibrium and the dynamic isotherm of aliphatic comg®in modified dolomite at the
optimal conditions (i.e., pH= 6, and surfactant concentration 0.9 %)ré~2.10presents the
adsorption isotherm data of alkane compounds of crude oil onto palmiticeatield dolomite
particles at 298 K along with th&eundlich isotherm model. The Freundlich isotherm parameters
were adjusted by the data of equilibrium obtained from the experiment in the batch system. Batch
sorption measurements of crude oil from water by the modified dolomite were performed in glass
battles as described in our previous stBavoodi et al., 2019)As shown in Figre 3.2.4 the

sorption of alkane compounds onto adsorbents could be well expressed by the Freundlich isotherm
and the calculated paramet€rg and0 | QC 7T CH are 0.66 and 0.8, respectively.

0.35

0.3

- .66
0.95 y =0.8%¥

o
[N

0.15

g ( mg oil/ g adsorbent)

o
il

0.05

0 0.05 0.1 0.15 0.2 0.25 0.3
Equilibrium oil content in liquid phase (g/l)

Figure.3.2.10.Adsorption isotherm of Alkane compounds oBakken oil onto modified dolomite
pH= 6, and surfactant concentration 0.9 %.

Removal of oil from water in fixed and fluidized beds of modified dolomite

The oil removal efficiency and capacity of the modified dolomite particles are studied by
measuring both the inlet and exit concentration of oil (i.e., TPH) as a function of time and plotting
a breakthrough curve. The inlet oil concentration should remain constant throughout the

experiment but small changes in oil pump flow rate, the stabilityeoémulsion result in different
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inlet concentrations with time; hence the amount of an average value was applied3.Zable

shows operating conditions for each experiment.
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Table 3.2.2.Summary of experimental conditions (F: 1&ombinations, FL: 4 combinations) and oil removal capacity from water using
fixed and fluidized beds of modified dolomite.

Removal
Initial oil ) , . capacity
Bed _ _ Particle Particle Radii Breakthrough
concentration Flow rate (ml/min) _ _ att0.5
type mass (Q) (cm) time (min) _
(mg/l) (mg oil/ g
adsorbent)
0.08 15.6 0.148
P 400 10
0.15 13.2 0.125
0.08 10.1 0.143
P 400 15
0.15 9.4 0.133
0.08 7.4 0.140
P 400 20
0.15 6.8 0.129
421
0.08 13.1 0.140
P 450 10
0.15 10.4 0.111
0.08 8.3 0.133
P 450 15
0.15 7.9 0.126
0.08 6.4 0.136
P 450 20
0.15 5 0.106
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P 650
P 650
P 650
F 650
F 650
F 650
F 650

10

15

20

250

250

500
500

50

100

50
100

0.08
0.15

0.08
0.15

0.08
0.15

0.2

0.2

0.2
0.2

9.4
7.6

7.1
5.7

5.4

4.1

5.3

3.5
4.6

0.145
0.117

0.164
0.132

0.125
0.123

0.162

0.151

0.143
0.140

F: Fixed bed column; FL: Fluidized bed column
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The oil removal results from TabR2.2 show that: (1) as the flow rate increased the removal
capacity decreased that is not consistent with the results obtained in Sec.3.4 . It might be attributed
to the fact that hydrophilic and seypolar conpounds that exist iBakkenoil (i.e., resin and polar
derivatives of PAHs such as oxygenated PAHS) bypass adsorbents and come out first from the
column earlier and it resulted in a dramatic change in breakpoint time as the flow rate increased.
The presere of longchain fatty acid with a H8arbon backbone on the surface of dolomite
resulted in strong affinity for molecules with aliphatic or safiphatic chains and rings but these
physically adsorbed molecules might serve as a base layer upon whiehn fiydinocarbon could
adsorb but it might lead to an equilibrium time of more than 20 min to achieve higher removal
efficiency. Maja et.al studied aromatic adsorbents for emerging pharmaceutical réBakweic

et al., 2019)They showed that anaatic adsorbents with high electronic density could remove

al most 80 % of a-kldctron donot gaonps imcGudetaomadignzene ringthat

exist in PAHs. Thus, the absence of aromatic carbon content on the surface of adsorbent resulted
in strong Van Der Waals interaction between a majority of aliphgbups in adsorbent and
sorbates whi ch af eteractiondbetween soripateeand aromaiaicomponents

in biofilms (Wang et &, 2019a) (2) The oil removal capacities are higher in the fixed bed than
those in the fluidized bed. The comparison of columns permeability coefficient showed that as the
flow rate and initial concentration of oil increased above the value of @mi/tnhin and G= 650

mg L, the assumption of constant porosity of the bed column might not be correct due to the
occurrence of coalescence. Thus, fluidized bed columns were applied to study the application of
bed systems for adsorption of oil compoumdth modified dolomite when flow rate and initial

concentration increased.
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Predicting breakthrough curves and breakpoint times

Phenomenological mathematical modeling

Table3.2.3presents the value of the kinetic mass transfer param@tand Dipp) and axial dispersion (&) estimated from the fitting
of the model to the experimental data of the breakthrough curves as well as the value of AAD and objective function.

Table 3.23. Characteristic parameter of the aliphatic compound breakthrough curve under various operating auditions

Initial Flow
Concentration rate Particle Radii 0.08 cm

(mg LY (ml/min)

Removal
Kf Da Biot capacit
. pp. Dax AAD LUB® pacty
(cm/min) (cm2/min) Number  (mg/g
adsorbent)
1.29E
10 0.0013 0.000062 0.084 02 3.80E+00 21 0.36
400
15 0.0035 0.000025 0.431 0.041  3.55E+00 140 0.40
20 0.0054 0.000071 0.94 0.75 4.70E+00 76 0.37
10 0.0004 0.000019 0.065 0.018 5.08E+00 21 0.38
450 15 0.0015 0.000026 0.95 0.029  3.58E+00 58 0.41
20 0.0014 0.000093 1.1 0.46 5.10E+00 15 0.38
650 10 4.50E05 0.000017 0.081 0.025 5.08E+00 3 0.37
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15 1.20E04 0.000031 0.95 0.046  6.35E+00 3 0.39
20 5.90E04 0.000043 14 0.74 5.30E+00 13 0.39

LUB: Length of unused beg. (1-—))
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A comprehensive evaluation of tipdysical meaning of the estimated values of the kinetic and
dynamic parameters allows us to analyze the robustness of the obtained results from the
mathematic model. According to the values of AAD in the rangeiof Othe modektimulated
breakthrough mfiles matched well with the experimental data at a low flow rate and initial
concentration of oil. As can be seen from T&h23 the axial dispersion coefficient and external
mass transfer decreased for various initial oil concentrations but incredlsdded flow rate. It

seems reasonable that a slight increase in the flow rate would increase the driving force and
therefore the rate at which aliphatic molecules pass from the bulk solution to the particle surface
across the boundary layer increas@dcKay et al., 1986)However, in the case of initial
concentration, this is not the case. It is possible that increasing the concentration of aliphatic
compounds, ragtes its mobility to transfer rapidly across the boundary layer. Thus, the external
mass transfer coefficients decreased as the initial concentration of oil increased which is
inconsistent with batch adsorption stu@@avoodi et al., 2019).ow efficiency of the fixed bed
column and higher axial dispersion coefficient at higher flow rate might be attributesl ficth

that aliphatic molecules will not have sufficient time to diffuse in the pores of adsorbent and leave
the bed before reaching the equilibrium. The time to reach equilibrium is slightly concentration
dependent. It also depends on the particle siddlaw rate. Moreover, the effective pore diffusion
coefficient obtaining from the simulation of adsorption kinetics increased slightly as the flow rate
increased, however, the Bi number that reflected the significance of the internal mass transfer
versusexternal mass transfer resistance are more than 100 at various operating conditions that
might be attributed to the fact that the pore diffusion resistance is not the dominant phenomenon.
When the operational condition is experimentally and theoreticgtim@zed, the film and
intraparticle resistances of the sorption are minimized in the experimental range investigated. In
other words, the film thickness is the thinnest one and there is no significant steric resistance in
the particle poregBarros et al., 2013n this study, the flow rate of 15 ml/min and the initial oll
concentation of 450mg L resulted in the appropriate value for removal capacity.

Effect of flow rate

The flow rate of the emulsified eiater stream is an important design parameter of an oil
adsorption column. Fixeded column studies on oil adsorption were conducted at different values

of flow rates that varied from 10 20 ml/min, while the inlet oikconcentration and mass of
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adsorbent were kept constant at 400 L'* and 421 g, respectively at a pH of 8. Based on the
successful implementation of velocity variation in the model, the proposed model shows more
justifiable results with theoretical phenonae occurring in the adsorption system due to
consideration of continuous decrease of velocity inside the bed concerning the bed length.
However, the experimental results show that for low inlet concentration of emulsified oil and
singlephase flow, the efict of velocity variation on the breakthrough curve was not significant
(t-value = 2.75 and-palues 0.02). Figire 3.2.15hows the effect of flow rate on the breakthrough
curve following the plug flow pulse arrival of contaminant and retardation oA®ithe flow rate
decreased, two phenomena happened: 1) it was travelling less quickly, so it would be delayed and
2) and as the flow rate increased because it was becoming closer to plug flow, the dispersion and
the steepness of the breakthrough curveedsad; however, the flow rate equal to 20 ml/min
resulted in higher axial dispersion coefficient (TaBl2.3. Retardation factorR{) is the most
frequently used indicator to describe the transport of contaminants througtbéserblumns.

(Tsai et al. 2008)In this work, theRf value (i.e., 3.28) was determined using the model fitting
curve method at relative concentration 0.5. The variability of data and uncertainty in measured
effluent concentration might stem from instantaneous changes of flowing path, fractions of
immobile water in columns or the combination of caused stated previously along with something

happened in micrscale.
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Fig.3.2.11 Effect of flow rate on the breakthrough curve for oil removal using modified dolomite
(W =421 g and G=400mg L™?)

The effect ofthe flow rate on the breakthrough curve is also shown in TaBI& assuming the
constant velocity during the simulations. The literature reported a fixed saturation capacity of the
bed based on the same driving force for adsorp{®immad and Hameed, 201D) other words,

it has been assumed that unlike the hydraulic conditions that affects the adsorption kinetics, other
conditions such as temperaturelod bed, porous structure, surface area and surface properties of
adsorbents might contribute to equilibrium isotherm and subsequently column adsorption capacity.
Our results showed that as the feed flow rate increased from 10 to 15 ml/min, the bretikpoint
decreased from 1474 to 1193 sec and the adsorption capacity increased from 0.24 to 0.28 mg/g (16
% increase). Flow rate changes also affected the sorption kinetics (the shape of the breakthrough
curve) by decreasing the external mass resistanceethdted in the increase in the slope of the
breakthrough curve at Q = 15 ml/min (TaBl2.3. Further increases in flow rate resulted in not

long enough residence time of the solute in the column for adsorption equilibrium to be reached.
In order to stug this phenomena, Eqg. (4) as well as mathematical models that describe the
movement of fluids can be used these case#t high flow rate the Eq. (4) would be reduced to

following equation
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At high flow rate, the thickness of adsorbed water layer around particles may be decrease due to
the disruption of the structure of the water film. In other words, unlike laminar flow the fluid does
not flow in parallel layers, the lateral mixing is higidahere is a disruption betwelayers Thus,

the fluid at a point is undergoing changes in both direction and magnitude. Thus, the Eq. (4)
NaiverStokes equation should be solved simultaneously to exhibit turbulent solution. Moreover,
by assuming one eafeent of fixed bed, the mass balance for the control volume for limiting
situation 2 Tt net rate of depletion would be because of adsorption and mass transfer in the bulk
phase and as the flow rate increases the moleculres in the bulk are transpodederigian ( not

axial convection and Fickian diffusion on the particle surface). Thus, at high flow rate mass
transfer
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zone and the difference between equilibrium and effective adsorption capacity of particles increased. To further saa\ofttnef
rate on adsorption behavior of oil on modified dolomite, mathematical modeling for adsorption ar the various lengthuohtheao

studied.Figure 3.2.1displaysthe concentration profile predicted by the verified proposed modehiatsified oil in the liquid phase

at all locations within the fixetbed column (koum= 15.1 cm, G=400mg L?) for flow rate of 15 and 26 ml/min.
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Fig.3.2.12.The concentration profile predicted by the verified proposed model for emulsified oil inhe liquid phase at all locations
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The effect of high flow rate can be observed while solving ODEs equations. In other words, after
each irritation the initial concentration in each element would be determined and used for next
time and at lgh flow rate as can be seen in kg 3.2.12the initial concentration calculated at

each irritation was higher compared to lower flow rateuf@dB.2.12also showed one possible
explanation for decrease in the steepness of the breakthrough curve. As can beFggpae in
3.2.12the break point time is less than 16.5 min however the column becomes saturated around
10 min after the break point time. Sonterhture attributed the expansion of mass transfer zone

to turbulent mixing occurring due to back mixing around adsorbent particles, i.e. eddy currents
(Patel, 2017)

Effect of inlet oil concentration

The effect of inlet concentration on the effluent oil content is presented for the flow rate of 15
ml/min, and particle radii of 0.08 cm in kige 3.2.13The considered initial oil conceations are

400, 450 and 65fMg L-1. It was observed that similar to the flow rate, feed concentration, which
can influent contact time, might affect the mass transfer flux from the bulk solution to the particle
surface. After introducing the emulsified wiater solution, some molecules leave the bed to the

breakthrough curve (i.e., terpv—) while some of them migrate to the surface of particles. The

migration process of aliphatic molecules into an adsorbent pamicledes convection and
diffusion from the bulk to the outer layer of a stagnant film around the dolomite particles, external
mass transfer from out layer to the surface of particles and finally diffusion to the surface of
individual particles. The initial oil concentration just like flow rate did not affectaibhgarent
diffusion coefficient that depends on structure of theigdag. But, as mentioned previously, the

Boundary Conditions =1 ,t > 0; — = (czm ) that has been applied to

determine concentration gradient inside the particle near the surface shuoats iritial

concentration and
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subsequently bulk concentration could affect concentration gradient inside the particle near the
surface. To explain the effect of initial concentration on external and internal mass transfer in the
process of aliphatic compounds removal by hydrophobmndite, theestimated) "Q"Qafm the

fitting of the model to the experimental data were applied. As can be seen irBT2a8las the

initial concentration increased the resistance to the film diffusion increased. Other literature
explained the e#fct of initial concentration on external mass transfer coefficient by studying
Sherwood/Schmitt ratidinitial concentration diagram. McKay et al explained how the driving
force for mass transfer (based on the difference between the bulk lcquidentrabn and the
particle surface liquid concertation), depends on time and will affect the way in which the external

mass transfer coefficient varies with different pollutdMsKay et al., 1986)
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Fig.3.2.13.Effect of initial oil concentration on the breakthrough curve for oil removal using

modified dolomite (Particle radii = 0.08 cm, Q = 15 ml/min

Figure 3.2.14howeda closer look at the propagation of normalized feeacentratiorprofile of

oil inside the particles located at the end of the column for different initial concentration of oil at

their corresponding breakthrough time. Utig 3.2.14was obtained usinghé solution for the

resultant ordinary differential Eg. (10). The initial concentration on the one hand increased the

driving force and the rate at which aliphatic compounds pass from the bulk solution to the particle

surface across the boundary layer;tba other hand, higher concentration reduces molecules

mobility to transfer rapidly across the boundary layer. The result of these effects would be

decreased gradient concentration as the initial concentration increased (Fig.10.)
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Fig.3.2.14 Propagation of the normalized free concentration profile inside the particles

Figure 3.2.14hows that the increase in initial concentration the gradient of concentration inside
the particles will tend to change in a direction that brings it closer égjutdibrium state. As can

be seen in Figre 3.2.14 at the break point the adsorbent at the end of column is not saturated (in
equilibrium); however, in this study, the comm@att0.01 G 0 T8t WCowas considered as

stop loading time to avoid many cantinants in th@utlet,but it also resulted in a lot of unused
capacity.

Effect of particle radius

Figure 3.2.15showsthe effect of particle size on thdistributionof oil concentratiorat effluent

and arrival time for samples at constant initial ocentration of 450ng L-1 and a flow rate of

15 ml/min. The particle radii are considered 0.08, and 0.15 cm. Freundlich isotherm model has
been applied to multilayer adsorption, and it assumed that the surface of the adsorbent is
heterogeneous. Any change in particle size andestmaght have a significant effect on multilayer
adsorption for other <cont ami n a Aikesites cknoexhibie x a mp |
lower adsorption enthalpies than higbordination sites and as a result these sites can serve a
portal for rapidl adsorption compared to the rest of the surfe&®for kinetic of sorption, Fjure
3.2.15showed that the breakthrough curve steepness decreased as the particle radius increased
from 0.08 to 0.15 cm because smaller particle size adsorbent providedrqdskrption kinetic.
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Moreover, as the diameter of the particle decreased, the thickness of stagnant film around the
particles decreased and the overall kinetics of the process increased under these conditions. Thus,
the concentration of oil inside therpeales (G) at the end of the column reached a constant value

more quickly compared to larger particle sizes (Data not shown here).
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Fig.3.2.15 Effect of particle radii on breakthrough curve for oil removal using modified dolomite
(Q =15 ml/min, G, =450mg L-1)

As can be seen in Rige 3.2.15 the breakthrough curve is asymmetric for larger particles that
might be due to mass transfer resistance in the column meaning that the adsorbate needs to diffuse

through a stagnant layer for example inside the porous materials before being actudilgdadso
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Upscaling adsorption column
When the fixeebed column adsorption reactioftogv rate = 10 ml/min, kowm+= 15.1 cm, Roum= 5
cm, G = 400mg L-1) was performed for 2, 15, 20, and 25 min, the emulsified oil was diffused to

the fixedbed column length of 0.5, 5.4, 7.1 14 cm, respectively.

Different profile initially

Isotherm Curve \

Fig.3.2.16.Concentration profile for emulsified oil in the solution at all locations within the fixed

bed column. (flow rate = 10 ml/min, Leowmn= 15.1 cm, Rowmn= 5 cm, G =400mg L-1)

Fig.3.2.16.Concetration profile for emulsified oil in the solution at alllocations within the fixed-bed

column

Figure 3.2.16shows that as the bed height increased, the breakpoint time increased. Moreover,
smaller bed height corresponded to a smaller capacity for the bed to adsorb emulsified oil from the
solution resulted irless time needed for saturation of the column. Thus, as the surface area
increased, not only retardation but also the attachment of oil particles to adsorbent resulted in a
lower concentration of oil in the effluent. When the adsorption isotherm is fdeptabn the
fraction adsorbed at low concentration is high; this eventually slows down the low concentration

part of the front so much that it counteracts the broadening of the front.

Small scale experiment using 15 cm long column with a diameter wf iS éed with an inflow
with the concentration of 45@ig L' and the feed flow rate is 15 ml/min. After choosing the break
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