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Chapter 14
Nanoparticles for Cleaning up Oil Sands 
Process-Affected Water
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14.1  �Introduction

With industrial development, energy demand from conventional and renewable 
energy sources increases and becomes crucial concern [1]. Renewable sources of 
energy, despite their general awareness, are contributed only about 19.1 % of the 
global energy demand in 2013 [2]. Up to date, this trend has been growing steadily 
[3]. Thus, fossil fuel obtained by conventional crude oil stands out to remain the 
predominant energy source worldwide for the upcoming decades [4]. This demand, 
as reported by the International Energy Agency (IEA), is expected to rise from 84.7 
million barrel/day in 2008 to 105 barrel/day in 2030 [5, 6]. However, the conven-
tional reserves of oil are depleting [6, 7]. Thus, more efforts are needed to shift the 
oil production from conventional to the development of nonconventional resources, 
including oil sands [6]. The conventional oil reserves are more economically feasi-
ble to recover and process compared with that for the unconventional oil reserves [4, 
7, 8]. Canada, for instance, is ranked as third globally (along with Saudi Arabia and 
Venezuela) in terms of domestic oil reserves [9]. The reserves in northern Alberta, 
Canada, are estimated to contain more than 1.7 trillion barrels of bitumen, as a larg-
est oil deposits in the world [3]. For that reason, oil industry is considered and an 
energy intensive industry and a major consumer for the fresh water. This led such 
industry to be subjected to strict environment regulations, and hence, the oil indus-
try is considering improving the efficiency and reducing the environment footprint 
of current oil recovery, storage, and pipeline transportation methods.. In terms of 
recovery, the deposited oil or bitumen, depending on how deep the oil sands reserves, 
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is essentially recovered by employment of two main methods: open-pit mining or in 
situ extraction methods that are schematically shown in Fig. 14.1.

Less than 20 % of Alberta’s bitumen reserves are close to the surface to be mined 
(less than 50 m) [3]. Anything deeper cannot be economically mined because huge 
amount of waste material needs to be removed before accessing to the bitumen-rich 
oil sands [9]. For about 80 % of Alberta’s oil sands (deeper than 50 m), in situ ther-
mal method can be used with substantial consumption of energy and water [9].

Unlike surface mining, in situ technology offers the benefit of removing the bitu-
men from the ground while leaving the sand in place [9]. Typically, an average of 
0.4 barrels of fresh water is needed to recover each barrel of bitumen by SAGD 
process, while oil sands surface mining process uses three to four barrels of high-
quality water for each barrel of oil produced [10, 11]. In Alberta, most of the high-
quality water (around 90%) used for mining operations is typically recycled from 
the production process, while the rest is withdrawn from the Athabasca river [10, 

Fig. 14.1  Schematic representation for the extraction of bitumen from oil sand through (a) steam-
assisted gravity drainage (SAGD) and (b)open-pit surface mining processes. Copyright permission 
was obtained from Vista Projects (https://www.vistaprojects.com/)
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11]. The most well-known in situ process is SAGD which is currently considered as 
the most widely practiced one for bitumen extraction from oil sands in Alberta, 
Canada, due to its lower cost and higher efficiency. In Alberta alone, 80% (or 135 
billion barrels) of the oil sands are located in these underground deposits and would 
be difficult to access without applying SAGD process [12]. In principle, SAGD 
process requires drilling of two horizontal wells [13–15]. The upper well is utilized 
to inject the heated steam inside the oil well deposit [13–15]. This steam builds up 
heat, which delivers its latent heat to the adjacent area, reducing the viscosity of the 
bitumen and subsequently mobilizing it [13–15]. Thus, the mobilized bitumen, 
along with the condensate steam, is drained downward by gravity to the second 
horizontal well, from which it pumps to the surface [13–15]. The recovered bitumen 
on the surface is separated via subsequent cooling units, generating huge amounts 
of wastewater in the form of produced water (PW). Then, the bitumen is transferred 
to surface-upgrading facilities in order to convert the low-quality oil to synthetic 
crude oil. The PW, on the other hand, is transferred to sequential de-oiling and treat-
ment train to improve the water quality to be reused for boiler feedwater (BFW) in 
a once-through steam generator (OTSG) that produces steam from a high-quality 
water [9, 12, 16]. Constrains on water quality are produced by once-through steam 
generator (OTSG). OTSG is specifically developed heat recovery steam generator 
for thermal recovery applications [17]. In OTSG design, a single pass of water 
through the generator coil and no separator drum are available, generating 80 % 
quality steam with water-to-steam ratio of 1:4 [3]. PW is generally characterized by 
having high concentrations (from 1000 to 10,000 mg/L) of brine, silica, alkalines, 
and total dissolved solids (TDS) [18–20]. Exceeding the “threshold requirement 
concentrations” is undesirable for the reuse of PW as boiler feedwater (in oil field 
steam generator), unless it can be effectively treated through selective water treat-
ment technologies [21]. Thus, the generated SAGD produced water must meet the 
strict requirements in the employed boiler for steam generation [17, 22–25]; other-
wise, boiler drum and tubes can be damaged or corroded.

On the other hand, open-pit mining, like traditional mineral mining operations, is 
largely employed where oil sands reserves are closer to the surface [26]. Practically, 
large shovels scoop the oil sand into trucks which then move it to crushers where the 
large clumps of earth are processed [26, 27]. Then, the crushed oil is mixed with 
warm water, oil sand lumps and rocks, air, and caustics, forming slurry mixture that 
mainly composed of about sand with minimal composition of bitumen [26, 27]. After 
that, the slurry mixture undergoes to a simple water-based gravity separation process 
to extract the bitumen fraction [26–28]. In the gravity separation vessel, flotation 
cells are used to liberate the bitumen deposited in the sand grains by injecting free air 
bubbles to slurry mixture, generating a froth product that is formed on the top of the 
vessel [26–28]. This froth composes of about 60% by weight bitumen, 30% water, 
and 10% solids [26–28]. The unrecyclable effluent is  discharged to tailing ponds 
[26–28]. The bitumen froth is further treated with organic solvents to remove water 
and residual solids from the bitumen, before sending it to upgrading plants [26–28]. 
The bottom product is mostly composed of solids and water in the form of tailings 
and is pumped to tailing ponds. In those tailing ponds, the mixture, based on the sand 
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particle size and compositions, is separated into two main layers: a layer of coarse 
solids with characteristic size greater than 44μm and other layer enriched with 
smaller fine solid particles [29]. The heavier layer tends to be settled down at high 
rate and precipitate quickly to be used to construct contaminant dikes, while the other 
layer remains at the top of the pond as fluid fine tailings [26–29]. From the fluid fine 
tailings, great portion of fine sand particles and clay stay suspended and eventually 
form a mud-like slurry (30–45% solids by weight) called mature fine tailings (MFT) 
[26–29]. Around 86% of the volume of MFT contains water that cannot be easily 
recycled, because of the presence of stable sand particles (very fine, negatively 
charged clays that cannot be separated from water by gravity); these sand particles 
form a vastly disproportional amount of slurries that constantly repel each other, 
inhibiting Brownian agglomeration and making it difficult for settling to take place 
[26–29]. To address this challenging issue, tremendous efforts, with varying levels of 
success and feasibility, have been proposed to speed up the settling rate of the fine 
particles in MFT and maximize the water recovery rate [29].

With respect to storage and transportation of the recovered oil, pipelines are a 
critical part of Canada’s oil transportation infrastructure [30, 31]. Pipeline transport 
is the safest and most efficient way to move large volumes of oil from development 
areas to refineries, petrochemical plants, and even to homes or businesses [30, 31]. 
Although pipelines are convenient and appear to be better options compared to 
other means of transportations, there are issues to be concerned like crude oil spills. 
For instance, the TransCanada pipeline that transports oil to the US Midwest has 
experienced 14 spills, with the latest spill at North Dakota pipeline pumping station 
in May 2011[30, 31]. A campaigner with Greenpeace Canada considers this as an 
act of aggression toward plants, wildlife, and people who live in the path of pipe-
lines. In fact, these oil spills, without an effective removal method, showed adverse 
impacts to ecosystems and the long-term effects of environmental pollution that 
calls for an urgent need to develop a wide range of materials for cleaning up oil from 
oil-impacted areas [32].

In conclusion, bitumen recovery operations (i.e., open-pit mining or SAGD) and 
oil pipelines generate a considerable amount of oil sands process-affected water 
(OSPW) and oil spills. These OSPWs, without any treatment, can cause low bitu-
men recovery, fouling, corrosion, and scaling problems at the extraction and trans-
portation facilities. As a result, a series of OSPW treatments is necessary before 
recycling or environmental release of this water. Therefore, oil sands companies in 
Canada are eagerly seeking novel technologies in order to modify the technologies 
they currently implement for recycling the generated OSPW.  In this regard, this 
chapter aims to provide an overview about the main conventional treatment tech-
nologies applied in treating SAGD produced water, mature fine tailings (MFT), and 
oil spills. Thus, the chapter critically highlights and deeply describes the conven-
tional treatment technologies along with their suggested modification methods and 
some emerging techniques that have been recently reported from fundamentals to 
process optimization and eventually the parameters that affect the process effi-
ciency. The chapter comprehensively describes tailoring designs of some eco-
friendly nanoparticles developed by Nassar’s group at the University of Calgary to 
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be effectively combined or integrated with the many physical and/or chemical pro-
cesses utilized for remediation of OSPW.

14.2  �Treatment of SAGD Produced Water

During the SAGD operations, the strict water quality requirements for steam gen-
eration can be met by reducing the levels of suspended and dissolved organic mat-
ters, hardness, and silica [33]. For example, the level of TOC, which reflects soluble, 
emulsified, and suspended organics, in produced water varies from 100 to 700 ppm 
[21, 24, 33]. Also, silica levels can reach up to 400 ppm. These levels should be 
maintained below 50 ppm TOC and 30 ppm silica in the feedwater to OTSG [21, 24, 
33]. Thus, sequential primary, secondary, and tertiary stages are conventionally 
applied. In the primary stage, the oil content is reduced from 2000 to 500 ppm from 
the PW by applying three-phase separators followed by skimming [15]. These sepa-
rator units maintain high retention times (i.e., 3h), which allows for oil/water sepa-
ration. In the primary stage, the suspended solid presented in the PW is removed by 
induced gas flotation (IGF) process that uses air or, low density gas, typically meth-
ane [15]. However, introducing gasses in IGF in some occasions cannot effectively 
remove the suspended solid and requires high retention times [15]. Therefore, ionic 
polyacrylamide is added to flocculate the suspended solids in the IGF, which are 
able to destabilize the suspended solids via surface neutralization and facilitate floc 
formation by interparticle bridging mechanism[15]. The outlet from IGF is fed to a 
sand filter, which contributes to lowering the suspended solid concentration between 
30 and 40 ppm. The tertiary stage consists of chemical treatment train that is aimed 
at reducing the residual concentrations of silica, TOC, and total hardness from the 
PW to meet water specification for the OTSG [15, 21, 24, 33]. The chemical treat-
ment train combines three successive processes of warm lime softening unit (WLS), 
followed by walnut shell filtration (WSF), and weak acid cationic exchanging 
unites (WAC).

14.2.1  �Warm Lime Softening (WLS) Unit

In the WLS, the hardness (calcium and magnesium ions) and total alkalinity are 
removed by adding chemicals like lime  (Ca(OH)2), soda ash (Na2CO3), and caustic 
soda (NaOH). As a result, the concentrations of silica and hardness are diminished 
to values less than 50 mg/L and 50 mg/L as CaCO3 at high temperature (65−85 °C), 
respectively [15, 21, 24, 33]. Fundamentally, the silica, under the aqueous condi-
tions, exists in crystalline or amorphous forms [34]. There are various forms of 
crystalline silica, but the most abundant one is quartz, having a very low solubility 
in water, around 6 mg/L (as SiO2) at 25 °C [34]. However, amorphous silica is more 
soluble in water with maximum solubility of 100–140 mg/L (as SiO2) at 25 °C [34]. 
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The amorphous silica can be essentially classified as dissolved, colloidal, and par-
ticulate silica [34]. Dissolved silica includes various silica species: monomers (Q0), 
dimers (Q1), trimers (Q2), and polymeric silicic acid (Q3) as shown in Fig. 14.2 [34]. 
As reported previously, the silica species are in transition among each other accord-
ing to the medium pH and the presence of other ions [34–36]. With polymerization 
of silicic acid by condensation, a three-dimensional gel network of insoluble or 
colloidal silica (amorphous silica) is generated [34–36]. Hence, the presence of 
diverse forms of silica is considered to be “anomalous,” indicating that the stability 
in terms of pH does not follow a certain trend [35, 36]. Hence, the formed silica at 
various medium pH can be presented on two domain states of silica: colloidal 
domain, which is insoluble and amorphous (polymerization), and mono-clear sili-
cate. At medium’s pH above 9 (pH of SAGD produced water), the concentration of 
mono-clear domain silica and other species is dominant in an aqueous condition 
[34–36].

The removal of hardness and silica in WLS is carried out by introducing lime 
(Ca(OH)2), soda ash (Na2CO3), magnesium oxide (MgO), and sodium hydroxide 
(NaOH) to the generated PW, in which the soluble calcium and magnesium hard-
ness convert to insoluble calcium carbonate and magnesium hydroxide that contrib-
ute in simultaneous precipitation of silica [15, 17, 21, 24, 33]. Firstly, the removal 
of carbonate hardness by lime is accomplished by one of the following reactions 
[15, 17, 21, 24, 33]:

	
Ca HCO Ca OH CaCO H O3 2 2 3 22 2( ) + ( ) ⇒ ↓ +

	
(14.1)

	
Mg HCO Ca OH CaCO MgCO H O3 2 2 3 3 22( ) + ( ) ⇒ ↓ + +

	
(14.2)

	
MgCO Ca OH CaCO Mg OH3 2 3 2

+ ( ) ⇒ ↓ + ( ) ↓
	

(14.3)

	
Ca HCO NaOH Ca CaCO H O Na3 2

2
3 22 2 2 2( ) + + ⇒ ↓ + ++ +

	
(14.4)

Mono-clear silica species  

pH>9 pH<9

Amorphous  silica species  

Fig. 14.2  Model of silica species and their polymerization path into amorphous structure under 
aqueous conditions. Color code: O: red; Si: light gray
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Also, the removal of calcium non-carbonate hardness by soda ash is carried out 
by [15, 17, 21, 24, 33]:

	 CaSO Na CO CaCO Na SO4 2 3 3 2 4+ ⇒ ↓ + 	 (14.5)

	 CaCl Na CO CaCO NaCl2 2 3 3 2+ ⇒ ↓ + 	 (14.6)

On the other hand, the removal of magnesium non-carbonate hardness by lime 
and soda ash can be done by one of the following chemical reactions [15, 17, 21, 
24, 33]:

	
MgCl Ca OH Mg OH CaCl2 2 2 2+ ( ) ⇒ ( ) ↓ +

	
(14.7)

	 CaCl Na CO CaCO NaCl2 2 3 3 2+ ⇒ ↓ + 	 (14.8)

	
MgSO Ca OH Mg OH CaSO4 2 2 4+ ( ) ⇒ ( ) ↓ +

	
(14.9)

	 CaSO Na CO CaCO Na SO4 2 3 3 2 4+ ⇒ ↓ + 	 (14.10)

With lime softening process, the silica presented in the PW can be significantly 
reduced via forming precipitated metal ions, such that the silica removal by magne-
sium oxide can be carried out in the same softening unit simultaneously with the 
removal of hardness from the PW by lime and soda ash [15, 17, 21, 24, 33]. Thus, 
the purpose of MgO addition is to interact with silica and precipitate silica com-
pounds from the produced water. However, the mechanism at which the silica is 
removed by MgO has not been fully described [37–40]. Several studies based on 
physiochemical processes have investigated the removal of silica with the use of 
many metal oxide compounds [37–40]. Table 14.1 lists some attempts that have 
been reported to study the removal of silica by using different metal oxides/hydrox-
ides from synthetic PW. The table includes the process involved in removing of 
silica in each study, materials used, summary of the main results, and references 
[37–40].

All the tabulated studies showed effective removal of silica through precipitation 
along with adsorption mechanisms using diverse metal oxides/hydroxides. It can be 
also noticed that the presence of MgO results in highly efficient silica removal, 
especially at high temperature (i.e., WLS conditions) [37–40]. In fact, using MgO 
after hydration at WLS conditions has shown faster and more efficient removal of 
silica. However, the MgO without sufficient hydration, which occurs in a separate 
slurry mixing tank, may exist in non-slaked form after reaching to the WLS unit, 
which contributes in attaining unpredictable performance in the real application. In 
fact, existence of non-slaked MgO at WLS conditions resulted in obtaining high 
removal of silica, compared with the slaked form, due to adsorption of silica on the 
surface of the formed Mg(OH)2 [40]. Unfortunately, introducing great amount of 
magnesium compounds increases the conductivity in the treated waters, which can 
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Table 14.1  Most recent studies that have reported the removal of silica from synthetic produced 
water with the use of different metal oxides/hydroxides [37–41]

Process Material and methods Main results References

Coagulation/
precipitation

Metal hydroxide (ferry, 
aluminum, and calcium)

The content of 35 mg/L SiO2 in 
synthetic PW can be completely 
removed by aluminum compounds 
at ambient conditions.

[37]

Aluminum compound as catalyzer 
reacts with colloid silica in the form 
of pure amorphism.
The soluble silica can be adsorbed by 
ferric hydroxide, which enhances the 
speed of colloid silica coagulation 
and settling at ambient conditions.
The concentration of soluble silica in 
treated wastewater is reduced to 3–5 
mg/L when ferric coagulant is added.

Coagulation/
flocculation

Combination of magnesium 
compound, sodium 
hydroxide precipitation, 
and zinc  
sulfate

The silica was removed at room 
conditions through magnesium 
compound, pH regulator, and zinc 
sulfate.

[38]

The concentration of silica 
(calculated with SiO2) was reduced 
to less than 50 mg/L in the optimal 
condition: 500–600 mg/L of NaOH, 
700–800 mg/L of MgCl2·6H2O, and 
100–150 mg/L of zinc sulfate.
The removal efficiency of silica by 
zinc sulfate was higher than that by 
general coagulants such as aluminum 
and ferric salts.
High temperature (70–90EC) and 
long settle time (> 1.0 h) in a mixing 
jar were advantageous to the silica 
removal.

Electroco 
agulation 
(EC)/
adsorption

EC by corrode Fe0 or  
Al0 anodes to release Fe(II)  
(or Al(III)) ions into the 
solution

Formation of Fe(II) or Al(III) 
allowed to react with solutes in the 
solution to form Fe-containing (or 
Al-containing) precipitates that can 
adsorb a wide variety of 
contaminants.

[39]

In Fe0-EC, the precipitation of FeS 
minerals resulted in a rapid removal 
of sulfide and adsorption of silica 
onto FeS.
In Al0-EC, silica was removed via 
adsorption onto aluminum 
hydroxides, compared with sulfide 
that was poorly removed.

(continued)
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be avoided by applying sparingly soluble magnesium compounds, such as 
(MgO,Mg(OH)2 and (MgCO3)4·Mg(OH)2·5H2O)) that might be considered as prom-
ising alternative [41]. As a matter of fact, significant reduction in the conductivity 
was obtained by applying the sparingly soluble magnesium compounds, with low 
removal efficiency of silica (i.e., 40 %) at pH 10.5, dosages of 250 mg/L, and at 
ambient temperature (∼20 °C) [41]. The same study showed that the removal effi-
ciency of silica was then improved up to 80% by pre-acidifying the sparingly mag-
nesium compounds with concentrated sulfuric acid, which is not industrially 
favorable [41].

Table 14.1  (continued)

Process Material and methods Main results References

Adsorption/
precipitation

Slaked and non-slaked  
MgO

Silica removal by slaked and 
non-slaked MgO has been 
investigated at different pH values 
(8.0−11.3) with different dosages 
(100−1000 ppm) and contact time 
(15−120 min) at WLS operating 
temperatures (65−85 °C).

[40]

Silica removal takes place through 
two possible competing mechanisms: 
adsorption on the formed Mg(OH)2 
or precipitation by forming 
magnesium silicate precipitates.
Slaked MgO achieves lower silica 
removal percentage than non-slaked 
MgO at WLS conditions because 
MgO slaking makes silica adsorption 
on the formed Mg(OH)2 more 
predominant.

Adsorption/
precipitation

Sparingly soluble  
magnesium compounds 
(MgO,Mg(OH)2 and 
(MgCO3)4·Mg(OH)2·5H2O)

The use of three sparingly soluble 
magnesium compounds (MgO, 
Mg(OH)2 
and(MgCO3)4·Mg(OH)2·5H2O) has 
been investigated at three pHs (10.5, 
11.0, and 11.5) and five dosages 
(250–1500 mg/L) at ambient 
temperature (∼20 °C).

[41]

The results showed that only 40% 
silica removal was obtained.
To increase silica removal, the 
slurries of sparingly soluble 
compounds were pre-acidified with 
concentrated sulfuric acid and tested 
at the same conditions. In this case, 
high removal rates were obtained 
(80–86%) at high pH (11.5), even at 
ambient temperature.
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From the listed studies in Table 14.1, it can be also noticed that all the suggested 
metal oxides/hydroxides applied to remove silica from organic-free synthetic pro-
duced water under conditions mimicking the WLS operations [37–41]. These results 
cannot be representative for the real performance of MgO in removing of silica from 
the authentic water, likely due to the influence of organic species. In addition, using 
massive amounts of lime, ash, and metal oxides/hydroxides for simultaneous 
removal of hardness and silica is costly ineffective, such that WLS contributes in 
80% of the operation cost and 30% of the capital investment of the tertiary treatment 
train for the PW generated from SAGD process. In fact, introducing lime, ash, and 
slaked and non-slaked magnesium might enhance the concentration of divalent ions 
(i.e., Ca+2 and Mg+2), which increase the need for another unit to be eliminated (i.e., 
WAC). Installation of WAC unit adds extra operational and capital costs for the 
whole chemical treatment process [17].

14.2.2  �Walnut Shell Filter (WSF) Unit

In WSF, a deep bed-filter media, commonly termed walnut shell filters, are tradi-
tionally utilized due to their oil and solid filtration performance combined with ease 
of backwashing. WSF is applied to reduce the free oil content in SAGD produced 
water below 50 mg/L [17]. Practically, the walnut shell filter media, compared with 
other minerals and polymers, have several unique characteristics (e.g., hard, light-
weight, chemically inert, nontoxic, and biodegradable) [42–45]. These characteris-
tics, in addition to its high affinity to uptake many mineral oils and heavy metals, 
have motivated many industries to use them as effective filtration media or even 
active sorbents [42–45]. However, the walnut shell particles (WS-VR) have amor-
phous and compact structure due to high contents of cellulose and hemicellulose 
inert layers. Presence of such inert layer on the WS-VR, without surface modifica-
tion, does not allow for enhancing the surface activity, thereby creating active sor-
bent that is able to capture many contaminants [42–45]. Table 14.2 displays some 
recent studies that have focused on removing several dissolved heavy metals and 
organic pollutants with the use of surface-modified walnut shell particles [46–50]. 
As noticed, all the tabulated works focused on producing active sorbents from the 
walnut shell particles after surface modification, through activation at high tempera-
ture or/and with the use of strong acid/bases or/and different agents. Also, the modi-
fied walnut shell particles were used to treat heavy metals, pharmaceuticals, and 
toxic organic molecules only in batch adsorption experiments, without continuous 
investigation inside fixed bed column that operates under various hydrodynamic 
conditions [46–50].
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14.2.3  �Weak Acid Cationic Exchange (WAC) Unit

In WAC, alkalization of water is carried out by using WAC resins (i.e., carboxylic 
type acids), in order to remove the divalent ions of Ca2+ and Mg2+ generated from 
WLS unit [17]. The WAC resins are spherical beads of a network of cross-linked 
polymers [34]. The cross-linked polymers are composed of functional groups with 
fixed co-ions that are negative charge located on each functional group along with 
the polymer matrix [34]. These co-ions are pre-saturated with cations that are 
mobile and free to move on the pores of the polymer matrix [34]. With adding these 
resins to the PW phase, the cations tend to diffuse in the bulk phase at high rate, 
yielding negatively charged resins [34]. Consequently, the counterions presented in 
the wastewater solution can migrate into the negatively charged resin phase and 
replace the cations stoichiometrically till attaining the equilibrium [34]. At equilib-
rium, the concentration differences of the ions are balanced that maintain the elec-
troneutrality between the bulk solution and resin phase [34]. The WAC resins are 
generally described by formula of R-COOH that are able to remove the alkalinity 
from the carbonate hardness by the following equation [17]:

	
2 2 23 2 2 2 2RCOOH Ca HCO RCOO Ca CO H O+ ( ) ⇒ ( ) + +

	
(14.11)

	
2 2 23 2 2 2 2RCOOH Mg HCO RCOO Mg CO H O+ ( ) ⇒ ( ) + +

	
(14.12)

Also, the removal of divalent ions by WAC resin can be done as follows [17]:

	
2 22

2
RCOOH M RCOO Ca H+ ⇒ ( ) ++ +

	
(14.13)

	 H HCO H O CO+ −+ ⇒ +3 2 2 	 (14.14)

	 2 3
2

2 2H CO H O CO+ −+ ⇒ + 	 (14.15)

The carboxylate resins require alkaline species in the water to react with the 
more tightly bound hydrogen ions[17]. Thus, the resins are able to remove Ca, Mg, 
and heavy metals (i.e., Pb) from sulfates after conversion to sodium resins as shown 
below [17, 34]:

	 RCOOH NaOH RCOONa H O+ ⇒ + 2 	 (14.16)

	
2 4 2 2 4RCOONa CaSO RCOO Ca Na SO+ ⇒ ( ) +

	
(14.17)

	
2 4 2 2 4RCOONa MgSO RCOO Mg Na SO+ ⇒ ( ) +

	
(14.18)

	
2 4 2 2 4RCOONa PbSO RCOO Pb Na SO+ ⇒ ( ) +

	
(14.19)
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Considering the previous reaction sets, WAC resins exhibit marked degree of 
volume expansion after conversion from hydrogen to sodium form, which is consid-
ered as one of their major disadvantages [17, 34]. Their permeance is also sensitive 
to the medium’s pH, such that the apparent capacity increases to the maximum at 
pH higher than 11 (above pKa) [17, 34]. Applying organic resins in cationic 
exchanger significantly contributes in increasing the total dissolved solids, causing 
numerous operational problems like fouling of pipelines and equipment and clog-
ging of injection wells [17, 34].

Table 14.2  Most recent studies that have reported the using of surface modified walnut shell 
filter particles to treat several types of heavy metals, pharmaceuticals, and toxic organic 
molecules [46–50]

Number Title Methods References

1 Removal of Cr(VI) from 
aqueous solutions by modified 
walnut shells

The nutshell particle surfaces were 
only treated by acids at high 
temperature (>200 oC).

[46]

The modified nutshell particles were 
used to remove the chromium.

2 Selective removal of cesium 
from aqueous solutions with 
nickel (II) hexacyanoferrate (III) 
functionalized agricultural 
residue–walnut shell

The nutshell surface modification was 
chemically done by NiCl2 and the 
treatment of K3[Fe(CN)6]·3H2O.

[47]

The modified nutshell was used to 
remove cesium ion (Cs+) from aqueous 
solutions.

3 Adsorption of naphthalene from 
aqueous solution onto fatty acid 
modified walnut shells

The surface of the nutshell was 
modified by fatty acid.
The removal was tested for 
naphthalene.

4 Highly synergistic effects on 
ammonium removal by the 
co-system of Pseudomonas 
stutzeri XL-2 and modified 
walnut shell biochar

The walnut shell particles were 
modified by pyrolysis at 300 C and 
impregnated by 1.0 M NaOH. Then the 
material was washed, dried at 60 °C, 
pyrolyzed at 450 °C, and impregnated 
by 0.5 M MgCl2 for 4 h.

[48]

The modified material was used as 
sorbent for ammonia.

5 Adsorption of lead ion from 
aqueous solution by modified 
walnut shell: kinetics and 
thermodynamics

The walnut shell particles were treated 
by acid and maleic anhydride to be 
used as adsorbent for lead.

[49]

The modified walnut shell particles 
were used to remove lead from water.

6 Characterization of metal 
oxide-modified walnut-shell-
activated carbon and its 
application for phosphine 
adsorption: equilibrium, 
regeneration, and mechanism 
studies

The walnut shell particles were first 
activated at elevated temperature. Then 
they were modified by metal oxide.

[50]

The modified nutshell particles were 
used to remove phosphine (PH3) from 
water.
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Hence, replacement of the current scheme with a process which can separate 
almost all silica and reject more than 90% of the dissolved organic matters will 
considerably reduce the capital and operating costs due to the reduction of size and 
number of steam generators. Accordingly, many authors have made considerable 
efforts to come up with emerging technologies in order to modify or replace the 
current treatment train with more effective and economical solutions [17, 34].

14.2.4  �Emerging Techniques for SAGD Produced 
Water Treatment

In the last decade, many studies have reported some emerging techniques for treat-
ment of SAGD produced water that depends on either chemical or membrane filtra-
tion processes (Table 14.3) [51–56]. As shown from Table 14.3, most of the recent 
studies focused on fabrication of effective and inherently fouling-resistant mem-
branes with better performance than some commonly used membranes (i.e., ceramic 
membranes) that showed some serious challenges [52–56]. These challenges have 
led the researchers to develop various fouling remediation techniques to break up 
surface deposits, backflushing with permeate and the use of many different chemi-
cal cleaning agents [52–56] . These modified membranes showed great potential in 
treating SAGD produced water, under well-controlled temperatures and pH [52–56].

Basically, the surface of the commercial ceramic membranes is highly hydropho-
bic because of the charged hydroxyl groups that occupy the selective layer [52–56]. 
Thus, the predominant surface charge of a ceramic membrane is pH-dependent 
given the isoelectric point of the selective layer’s constituent metal oxide [52–56]. 
In many cases, controlling the pH of the feed solution so that the membrane surface 
charge leads to the electrostatic repulsion of charged foulants is an adequate method 
of fouling alleviation [52–56]. However, bituminous foulants like asphaltenes pos-
sess amphoteric functional groups, meaning that they can exhibit both positive and 
negative surface charges at any given feed pH [52–56]. To mitigate the interaction 
between amphoteric bitumen and the hydroxyl groups, the membrane surface can 
be chemically modified by a highly hydrophilic polymer (i.e., charge-neutral poly-
ethylene oxide (PEO) functional silanes) in a way that reduces its electrostatic 
charge. On the other hand, implementing single-layer cellulose-based membranes 
toward thin-film composite (TFC) polyamide (PA)-based membranes showed supe-
rior permeation properties with better flux and selectivity, compared with commer-
cially available membranes of TFC [52–56].

Implementing these surface modifications for the membranes provided success-
ful forming of hydrophilic layers on the membrane surface that subsequently 
improves membrane flux and mitigated any irreversible effects [52–56]. However, 
the application of these modified membranes requires well-tuned and strict environ-
ment (i.e., temperature and pH), such that high pH and temperatures resulted in 
better separation performance, which enlarge the operational costs. Additionally, 
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the synthesis methodologies followed in fabrication or surface modifying these 
membranes are not simple and need too many steps, which had significant environ-
mental and cost downsides [52–56]. On the other hand, using combined electroco-
agulation and chemical coagulation technique (study number 1) resulted in great 
performance in removing of silica and TOC [52]. However, attaining successful 
removal of silica and TOC required changing the medium pH and temperature, 
which is not industrially recommended. The table also includes another integrated 
technique that has been lately done for effective removal of TOC from SAGD pro-
duced water samples through sequential oxy-cracking, nano-adsorption, and steam 
gasification processes, which schematically described in Fig. 14.2 [57].

14.2.4.1  �Nanoparticle as an Emerging Technique for Treatment of SAGD 
Produced Water

An Integrated Oxy-Cracking, Nano-Adsorption, and Steam Gasification 
Processes for Treatment of SAGD Produced Water

The oxy-cracking process (e.g., a combination of consecutive oxidation and crack-
ing reactions) has been developed as a modification to the Zimpro process for 
sewage-sludge oxidation and as an alternative and efficient approach for converting 
residual feedstocks into value-added products [59, 60]. Ashtari et al. (2016) first 
employed the oxy-cracking process for converting n-C7 asphaltenes into light 
hydrocarbons, thus making them more accessible to subsequent hydrocracking 
reactions [60]. Recently our research group has utilized the oxy-cracking process 
for converting residual feedstock like petroleum coke into various commodity prod-
ucts [61]. We also advanced the process selectivity and conversion by introducing 
the copper silicate catalysts[62]. The oxy-cracking reaction mechanism was inspired 
by the generalized lumped kinetics model for wet air oxidation, which assumes that 
not all the organic compounds present in wastewater are directly oxidized to CO2 
and H2O, and instead, the rest of the hydrocarbons are converted to intermediate 
products which might be further oxidized [63]. However, during the oxy-cracking 
reaction, in an alkaline aqueous medium, regardless of the type of feedstock, it was 
stated that the reaction conversion was insignificantly influenced by oxygen pres-
sure beyond 5.2 MPa [64]. Hence, working at this pressure range (3.4–5.2 MPa) and 
temperature (150–250°C) keeps the water under subcritical conditions. At subcriti-
cal conditions, the dielectric constant of water dramatically changes with the tem-
perature, and thus the reaction media changes from ionic to radical reaction. For 
instance, the solid petroleum coke, under well-monitored oxidation and alkaline 
conditions, can be oxy-cracked to light organic compounds (i.e., carboxylic, naph-
thenic acids, and their corresponding organic compounds) [64]. In contrast to the 
oxidation reaction, the oxy-cracking reaction is able to convert the insoluble hydro-
carbon to a more soluble form at moderate temperatures and pressure [64]. 
Enhancing the solubility of the organic species can reduce the selectivity of the 
oxidation reaction toward formation of carbon dioxide. Thus, involving the 
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oxy-cracking reaction into one process can create an eco-friendly and green tech-
nology. In treatment of SAGD produced water, as tabulated, the oxy-cracking tech-
nique has been employed for converting the existent inactive organic pollutants into 
active ones through oxygen incorporation with minimal emission of CO2 [57, 65]. 
After that, the oxy-cracked organics from SAGD effluents were adsorbed onto 
silica-embedded NiO extrudates inside a packed-bed column that operated under 
various operational conditions (i.e., flow rate, inlet concentration, and bed height) 
[65]. Finally, the catalytic steam gasification reaction has been performed on the 
adsorbed species to produce syngas from the adsorbed oxy-cracked organic matter 
and to regenerate the extrudates to use them sustainably for further cycles of 
adsorption-gasification processes. The results have shown that this combined tech-
nique has been successfully implemented in reducing the high concentration levels 
of TOC from SAGD produced water samples to acceptable levels. In fact, the oxy-
cracking reaction kinetics obeyed the lumped kinetic model involving two basic 
reactions [57]. The first reaction implied a deep oxidation process at which the 
organic species were completely oxidized to CO2 and H2O, while the second reac-
tion involved a partial oxidation reaction with formation of oxy-cracked intermedi-
ates solubilized in the liquid phase [57]. Additionally, the in-house prepared 
SiO2-NiO extrudates showed high adsorption affinity and TOC removal efficiency 
for the oxy-cracked hydrocarbons at low feed flow rate, low initial concentration, 
and high bed depth, then, great tendency for regeneration via gasification-adsorp-
tion processes. The photographs of the vials shown in Fig. 14 are for the virgin 
SAGD produced water (dark color), oxy-cracked SAGD produced water (yellowish 
color), and oxy-cracked SAGD produced water after adsorption in the packed-bed 
column (colorless). As seen by naked eye, a high degree of treatment was obtained 
for SAGD produced water, which can be indicated by converting their color from 
blackish to almost colorless. Thus, the treatment method performed well in remov-
ing the total organic carbon and silica from SAGD wastewater. This can be consid-
ered as a proof of concept for integrating oxy-cracking, adsorption, and catalytic 
steam gasification for cleaning up OSPW. Indeed, this approach is considered the 
first of its kind in the field of sustainable wastewater treatment. Even so, this com-
bined technique was not fully efficient in removing silica and TOC simultaneously. 
Besides, applying this technique involved harsh conditions (i.e., high temperature, 
pressure, and pH), in order to optimize the solubility and selectivity of the oxy-
cracked product, which could add extra operational costs and hamper the applica-
tion at large scale. Indeed, weak monitoring of the oxy-cracking reaction allows to 
form undesirable by-products.

TOC Removal by Nanoparticles Embedded into the Diatomite at Industrial 
Level Field Test Rotary Drum Filter Tests

From Table 14.3, an industrial level field tests in a rotary drum filter (RDF) are 
included, which are commercially used to remove plenty of suspended and dis-
solved contaminants generated from different industrial effluents [58]. Figure 14.4 
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represents a schematic representation for the RDF, which mainly contains a drum 
rotating in a tub that accumulates the influent water. Before running the RDF, the 
drum is pre-coated with a filter aid material of diatomite [58]. The influent water is 
typically injected to the tub below the drum, which rotates through the influent 
water. Then a vacuum is applied that allows the wastewater to be sucked onto the 
drum’s pre-coated surface, leading to the adherence of the suspended solid pollut-
ants to the filter while it is rotating. The vacuum sucks the liquid portion through the 
filter media to the internal part of the drum, resulting in a filtrated liquid that is 
pumped away. Solids on the other hand adhere to the pre-coated surface. The drum 
then automatically passes a knife through the adhered solid and part of diatomite, 
revealing a fresh surface media. The RDF can work effectively in removing many 

Fig. 14.3  A schematic representation of the proposed configurations for SAGD produced water 
using the oxy-cracking process. The vial images represent the SAGD wastewater before and after 
treatment by oxy-cracking at temperature 200 oC and pressure 3.4 MPa and after 2 h adsorbed in 
the packed-bed column [66]. Permission related to the material excerpted were obtained from 
Elsevier, and further permission should be directed to Elsevier
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suspended pollutants. However, it has low efficiency in removing the dissolved 
TOC. Thus, the filter aid material was modified with anchoring low mass fraction 
(i.e., < 5 wt.%) of iron oxide nanoparticles, which were in-house prepared by copre-
cipitation method. As shown from the table, increasing the concentration of nanopar-
ticles from 0.5 to 2 wt.% allowed to create capturing site that can effectively enhance 
the adsorption of the TOC molecules, which led to increasing the breakthrough time 
and TOC removal efficiency. Furthermore, it was also obtained that with increasing 
the feed flow rate, the breakpoint time and the adsorbed TOC molecules decreased 
[58]. The reason behind this is that when the flow rate increased, the residence time 
of TOC molecules was not enough for adsorption equilibrium to be reached at that 
flow rate, and the adsorption zone quickly saturates the precoated layer. Therefore, 
the contact time of TOC is very short at a high flow rate [58]. That subsequently 
reduced the TOC removal efficiency. On the other hand, when the feed flow rate is 
low, the TOC had more time to contact the sorption sites of adsorbent that led to 
achieving a higher removal of TOC molecules [67]. However, increasing the con-
centration of the nanoparticles embedded in the diatomite and the feed flow rate led 
to attaining channeling effect on the pre-coated filter aid layers. This channeling 
affect resulted from accumulation of more TOC molecules that tend to block the 
porous media and enhancing the pressure drop. Hence, it is highly recommended to 
operate under well-controlled operational parameters to avoid the pressure drop 
limitations that might occur due to embedding of nanoparticles.

Iron Hydroxide Nanoparticles Anchored on the Walnut Shell Filtration Media 
for Simultaneous Removal of Silica and TOC from SAGD Produced Water

As explained before, effectiveness of the walnut shell filter toward removal of many 
pollutants can be also enhanced via following some surface modification methods 
similar to those listed in Table 14.2. However, none of these studies have been con-
tinuously implemented via the column tests or to improve the depth filtration of the 
WSF unit toward removing of silica and TOC simultaneously [51]. In Table 14.3, 
study number 8 describes an innovative technique used to improve the removal of 
silica and TOC by anchoring low mass percentages of iron hydroxide nanoparticles 
on the walnut shell filtration. Presence of these nanoparticles enhanced the surface 
activity of the walnut shell filter particles, which create the potential to capture both 
silica and TOC [51]. The anchorage of iron hydroxide nanoparticles can be done 
chemically by two main steps: acid activation and formation of iron hydroxide 
nanoparticles under moderate hydrolysis conditions (e.g., temperature, hydrolysis 
time, and concentration of nanoparticle precursor). The purpose of the first step is 
permitting to generate open macropores and cavities that contribute in rendering 
diffusion sites that tend to accommodate the nanoparticles [51]. In the second step, 
iron hydroxide agglomerates in nanoscale are formed from thermal hydrolysis of 
ferric ions that originate from dissociation of ferric salt. Under aqueous conditions, 
the dissociative ferric ions are coordinately bonded with water molecules in the 
nature of aqueous complexes [68]. These complexes progressively go through 
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arrays of hydrolytic reactions as described in Fig. 14.5. During the hydrolytic reac-
tions, deprotonation of the complexes is carried out yielding groups of soluble 
mono-clear and non-soluble species. Then, the generated species are able to be 
anchored on the hydroxylated filtration particles by:

	1-	 Forming oxygenated bridges: The hydroxylated and acid treated particles inter-
acted with one of the mono-clear species by forming oxygenated bridges through 
a nucleophilic substitution mechanism [69].

	2-	 Bidentate adsorption: The hydroxylated species are adsorbed on the precipitate 
species of iron hydroxide by bidentate adsorption mechanism [68].

It can be concluded from the table that the filter aid particles due to the presence 
of iron hydroxide nanomaterials outperform in remediation of TOC and silica mol-
ecules in comparison with that achieved by applying the non-modified nutshell filter 
particles in the batch and column sorption tests [51]. The TFD calculations based on 
the theoretical adsorption energies have also proven that silica and TOC molecules 
adsorb more strongly to the surface of nanoparticle-functionalized walnut shell 
compared with the bare walnut shell [70–82]. Under continuous operations, the 
WS-NPs resulted in improved breakthrough behavior in the absence of any pressure 
drop limitations.

This clearly proves that applying the anchored walnut shell particles with 
nanoparticles can potentially form a high-quality water with low levels of both silica 
(<30mg/L) and TOC (<50mg/), meeting the strict requirements in the employed 
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boiler for steam generation. According to that, altering the non-modified walnut 
shell particles (WS-VR) with our modified once (WS-NPs) in the WSF should pro-
vide a replacement for the conventional treatment train, in which the conventional 
WLS, WSF, and WAC can be substituted with one single unit. Interestingly, to eval-
uate the regeneration option, three consecutive regeneration studies were success-
fully done on the spent column following direct backwashing and blade stirring 
methods. Evidence to date suggests that WS-NPs is a stable sorption/filtration 
medium, in that relatively small amount of iron hydroxide nanoparticles that have 
low tendency to be lost over time during treatment, regeneration, and backwashing 
steps. However, additional long-term testing is required to confirm these finding and 
to quantify the effective lifetime of the media.

14.3  �Enhancing Settling and Dewatering of Mature Fine 
Tailings (MFT)

Various treatment processes, with varying levels of success and feasibility, have 
been used to speed up the settling rate of the fine particles in MFT and maximize the 
water recovery rate for reuse in the industry [83–86]. These treatment methods can 
be classified as natural, biological, physical/mechanical, and chemical techniques 
[25, 87]. With natural processes, the solid contents in the MFT are increased up to 
45% by freeze-thaw technology, such that the tailings are allowed to be frozen dur-
ing the wintertime and then thawed in the summer [25, 87]. At sub-zero tempera-
tures, ice crystals are continuously growing to form segregated reticulated ice 
fine-grained structure, which converts the dispersed MFT slurry layers to more face-
to-face compact layers [25, 87]. With thawing, the MFT compact layers tend to 
agglomerate into irregular four-sided polygons, causing a significant reduction in 
the moisture content. Additionally, some researchers have suggested the use of con-
centrated sulfuric acid before the freeze-thaw cycle  for more reduction in the mois-
ture contents [25, 87]. Implementing freeze-thaw technology, as a natural process, 
is labor intensive and time-consuming process [25, 87]. In biological process, on the 
other hand, active species are planted and grown up on a high-water content area by 
photosynthesis [83–86]. Afterward, the natural plants tend to consume the water by 
the respiration processes through the leaves and roots, which leads to dewatering of 
the tailings. However, creating the suitable environments for the plants is not pos-
sible all the time [83–86]. In fact, this method highly depends on the local climate 
conditions, and plants cannot grow in high saline and sodic environments. In the 
case of the physical/mechanical processes (i.e., filtration and centrifuge treatment), 
the most traditional one is filtration, which has low environmental impacts. 
Furthermore, centrifuging of the MFT requires a small storage area to generate tail-
ings with 60% solid contents [83–86]. Filtration and centrifugation, however, are 
costly physical separation methods. Thus, the chemical treatment has remained as 
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the most adapted technology to enhance the flocculation and consolidation of 
MFT. Commercially, traditional consolidated tailings (CT) followed by paste tailing 
processes are consequently practiced to enhance the consolidation and water recov-
ery rates of the MFTs [83–86].

14.3.1  �Composite Tailing (CT) Treatment

In CT, massive quantities of coagulant aids such as gypsum, lime, acids, and acid-
lime combinations are extensively  introduced to generate unstable and non-segre-
gating deposits with less water contents [88–90]. Both lime and gypsum are the 
mostly applied coagulant aids in CT due to their great tendency in forming residual 
calcium ions. These ions strongly eliminates the organic layer presented on surfaces 
of the stable MFT clay particles [88–90]. This subsequently enhances the aggrega-
tion of the clay particles in the form of non-segregating tailing slurry [88–90]. 
However, the recovered water due to the presence of high residual concentrations of 
calcium and sulfate might negatively impact the oil recovery process and the envi-
ronment [88–90]. In fact, the presence of residual amounts of calcium ions has a 
deleterious effect on the bitumen recovery process and imparts hardness to water 
[88–90]. While rich water with high amount of sulfate ions often undergoes anaero-
bic reduction, releasing harmful gasses such as H2S, which is highly toxic to the 
environment and living organisms [88–90]. Here in Alberta, some local companies 
developed the CT by injecting Ca(OH)2 together with CO2 into the freshly produced 
tailings, which precipitate the dissolved Ca(OH)2 as CaCO3, which can be removed 
by a further thickening process. Such modification allows to form crystals of CaCO3 
that tend to uptake the fine particles presented in the MFT as sediments.

14.3.2  �Paste Tailing Processes

Paste tailing is defined as tailings that have been significantly dewatered using poly-
meric flocculants to a point where they do not have a critical flow velocity when 
pumped, do not segregate as they deposit, and produce minimal (if any) [88–90]. 
Thus, the paste tailing process relies heavily on the flocculation performance of the 
applied commercial flocculants, such as the polyacrylamide-based polymeric floc-
culants (PAM)-based polymeric flocculants, to enhance the water solid separation in 
the MFTs [84–86, 91–94]. In the presence of polymeric flocculants, the destabilized 
particles presented in the MFT are flocculated into two main stages, namely, periki-
netic (microscale) and orthokinetic (macroscale) flocculation [34]. The perikinetic 
flocculation occurred after destabilizing the molecules on the wastewater solution 
randomly or immediately during their Brownian motion via thermal agitation. This 
stage of flocculation can produce flocs that have poor or strong settling 
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characteristics [34]. Orthokinetic flocs, on the other hand, generate developed par-
ticles that can be promoted by mechanical agitation. The mechanical agitation (by 
Jar test) induces a velocity gradient in the liquid, improving the contact between the 
particles. The previously mentioned stages have a significant value in optimizing 
the flocculation/consolidation period upon selecting the proper conditions [34].

Unfortunately, PAM-induced floccules are loosely packed and settled slowly, 
since they are not able to reasonably flocculate the fine tailing particles [84–86, 
91–94]. More precisely, the backbone of PAM contains amide groups, which con-
tribute in generating strongly bonded gel-like polymeric networks that retain large 
volumes of water, with poorly consolidating sediments [91–93]. To alleviate these 
issues, many studies focused their efforts on structurally modifying the PAM to 
dewater MFT more effectively than the commercial PAM. These structurally modi-
fied PAM can potentially destabilize the solid particles presented in the MFTs by 
several mechanism as explained in the next section.

14.3.3  �Destabilization Mechanisms

Fundamentally, stability of the solid particles presented in the MFTs is governed by 
the intermolecular force between the clay particles, electrical double layer among 
the charged particles, which is observed by the DLVO theory [34].

In the MFT colloidal suspension, counterions in addition to negatively charged 
clay particles are presented. The clay particles due to their negative charges tend to 
have intrinsic electrical repulsion force, which is responsible for existing of steric 
stabilization [34]. In principle, major fraction from the counterions tends to migrate 
and electrostatically neutralize the negatively charged clay particles [34], while 
minor fractions from the counterions diffuse away from the clay surface. Hence, an 
equilibrium distribution is established from both competing actions, in which the 
concentration of the counterions is gradually reduced with increasing the distance 
from the clay surface. The ionic distribution of the diffused counterions is referred 
as Gouy layer [34]. According to Gouy definition, two layers (double layer) can be 
presented in the clay suspension. The first layer is made from the positively charged 
counterions next to the clay surface “diffusion zone,” and the second layer is formed 
from the negatively charged clay surface itself. The thickness of the diffusion layer 
(κ−1) in Å can be calculated in by using the following expression [34]:
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





 , 1000 volume conversion (L/m3) , e is the 
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the permissibility relative to vacuum ((ε for water is 78.54), εo is the permissibility 

in vacuum (8.85× 10 12 2− C

J m.
), k is Boltzmann constant (1.38×10−23J/K), and T is the 

absolute temperature (K). Thickness of the formed double layer is strongly influ-
enced by the physical properties of suspension, such as the temperature, bulk fluid 
concentration, and counterionic valence. For instance, at high ionic concentration 
and valance of counterions, counterions are diffused away from the Gouy’s layer, 
resulting in double layer reduction [34]. However, Gouy’s definition has limitations 
in accurately presenting the characteristic of the formed electrical double layer [34] 
. In fact, the ionic size and interaction between the clay surface, counterions, and 
medium are not accounted. Alternatively, Stern’s theory came up with more practi-
cal model, such that it showed that the distance of the closest approach of a counter-
ion to the charged surface is limited by the size of these ions [34]. Nevertheless, 
both Gouy’s and Stern’s theories cannot explain the stability of the solid particles 
presented in the tailings based on clay surface charged properties, interactions, and 
the balance between the repulsion and interaction forces in the suspension [34]. For 
better achieving of this, DLVO theory preciously describes the stability of the col-
loidal suspension by quantitatively consideration of (1) agglomeration and aggrega-
tion of the clay particles, (2) the force between charged particle interaction in the 
aqueous medium, and (3) the balance between the attractive van der Waals (vdW) 
force and the repulsive force caused by the overlap of electrical double layers sur-
rounding the clay particles. In details, with using DLVO theory [65] (Derjaguin, 
Landua, Verwery, and Overbeek), the stability mechanism of the colloids can be 
quantitatively explained in terms of energy barrier. This energy barrier represents 
the difference between the repulsion and the attraction energy as presented in 
Fig. 14.6. The figure includes two possible cases with respect to the forces of repul-
sion. In the first case (Fig.  14.6a), the repulsion force is extended far in the 
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Fig. 14.6  Graphical representation of the stability mechanism according to DLVO theory with (a) 
and (b)without energy barrier. The graphical representation was drawn based on the concept avail-
able in reference [34]
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suspension, while in the second case (Fig. 14.6b), it was considerably decreased. In 
each figure, the net total energy is presented by the solid line [65].

For the first case, the net energy curve contains significant repulsion force that 
must be overcame when the particles are grouped together by van der Waals attrac-
tion, such that exceeding the energy barrier (the area under the solid line) by ruptur-
ing the net force that holds the particles far away from each other, which allows 
them to get attracted by van der Waals force [65]. In the second case, energy barrier 
exists to overcome, and the colloidal particles can be easily and rapidly flocculated 
by micro-flocculation. In the flocculation/consolidation process, the determination 
of the stability mechanism depends on the selected flocculant, its dosage, water/
wastewater system solution, and mixing tools. Most importantly, the use of afford-
able and appropriate flocculant, depending on their action in destabilizing the col-
loidal particles, is consider the driving force for using flocculation/consolidation 
method in simultaneous removal of various polluting substances. Therefore, the use 
of vast categories of additives has been repeatedly reported, which fall into either 
hydrolyzing metal coagulants or polymeric flocculants [65].

Changing the ionic strength around the colloidal particles has significant effect 
on the stability mechanism. Double-layer compression, for instance, requires a 
reduction in the double layer around the colloidal particles, which causes changing 
on the ionic strength induced from addition of indifferent electrolyte, resulting in 
destabilizing of colloids under unstable conditions [65]. Consequently, colloids get 
close to each other with the presence of thin electric double layers. To more reduc-
tion of double layer, salts of counterion can be added, exceeding double layer repul-
sion that leads to coagulation of particles. However, this mechanism is industrially 
infeasible because it involves providing massive amounts of salts to achieve a prac-
tical destabilization of the particles [65]. Therefore, double-layer compression using 
salts was replaced by a destabilizing method of charge neutralization. Charge neu-
tralization is often carried out by adsorbing the hydrolyzed metals or polymeric 
species on the clay surface [65].

Furthermore, high dosage of charge-neutralizing coagulants may lead to fast 
aggregation of the solids presenting on the colloidal suspension [65]. Interparticle 
bridging [65], other mechanism, can be achieved by chemical bonding or physical 
attachment of water-soluble polymer to the particle surface. In this mechanism, very 
small part of the polymer can adhere to the particle surface, while the bulk groups of 
the polymer chain cannot. These chains extend toward the solution, helping in adher-
ence of the neighbor particles, forming bridged particles [65]. Then, the bridged 
particles during mixing are able to interact effectively with each other to form and 
develop flocs that are destabilized as a next step to induce aggregation and settling of 
large agglomerates. With the use of various cationic PAM-based copolymer, charge 
neutralization and interparticle bridging are considered as the most popular mecha-
nisms responsible for enhancing the settling and dewatering of MFT. The aforemen-
tioned cationic PAM-based copolymers have been synthesized by bonding organic or 
inorganic agents to the PAM chain by grafting or copolymerization, in order to create 
organic-inorganic hydride flocculant, thermosensitive polymeric flocculants, and 
cationic copolymers with hydrophobic moieties [84–86, 91–94].
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14.3.4  �Flocculation Behavior with Inorganic-Organic 
PAM-Based Hybrid Copolymers

The enhancement of the flocculation efficiency of many polymeric flocculants was 
traditionally achieved by mixing them with inorganic microparticles [95–98]. 
However, controlling the dispersion of the microparticles in the presence of organic 
flocculants limited their applications [95–98]. To avoid such technical issue, many 
reviewers proposed combining inorganic agents (i.e., hydroxides of aluminum, cal-
cium, magnesium, and iron) to the organic structure of PAM allowing to form 
inorganic-organic hydride copolymeric flocculants (Table 14.4) [95–98]. The stud-
ies listed in Table 14.4 show great potential of the organic-inorganic hybrid floccu-
lants, in comparison with the commercial PAM, toward enhancing settling and 
consolidation of solid particles presented in MFT (study number 1) and kaolinite 
suspensions (studies number 2–4), via bridging and charge neutralization mecha-
nisms [95]. Al-PAM, for instance, allowed to densify and destabilize the diluted 
MFT suspension through two stage processes: flocculation/sedimentation and filtra-
tion to reduce the dewatering time, indicating that the presence of positively charged 
Al(OH)3 particles created strong affinity between aluminum and oxygen was 
responsible for Al-O linkage, which led to the adsorption of Al(OH)3 on the silica 
surface [95]. Although applying both stages showed shortening in the filtration time 
of the diluted MFT sample (10–30 wt.% solid) from 25 min to 10, such process 
required high dosages of Al-PAM and generates a filtration cake with high moisture 
content (>23wt.%) [95]. The formed cake will require another separation process to 
recover the trapped moisture, adding extra cost for the process. The other studies 
reported the synthesis of other hybrid flocculants that depend on complex free-
radical polymerization that is carried out under well-controlled temperature and 
drying conditions. The flocculation/consolidation performance of these inorganic-
organic flocculants has been only investigated with kaolinite suspension not a real 
MFT. In fact, the optimal operating condition with the use of kaolinite suspension 
was reported between pH 2 and 2.5, which cannot be achieved with the real MFT 
suspension that has pH value around 9.

14.3.5  �Flocculation Behavior 
with Stimuli-Responsive Polymers

In the last 10 years, using of stimuli-responsive polymeric flocculants to accelerate 
settling and consolidation rates has gained great attention by some authors. The 
stimuli-responsive polymers are defined as polymers that are able to change their 
conformation and solubility under certain conditions (i.e., temperature, pH, electro-
magnetic field, and ionic strength) [91, 99]. Among them, thermo-responsive poly-
mers have been extensively utilized as flocculants for faster solid-liquid separation. 
Poly(N-isopropylacrylamide) (PolyNIPAm) has been reported as the most 

A. Hethnawi et al.



473

Ta
bl

e 
14

.4
 

M
os

t r
ec

en
t i

no
rg

an
ic

-o
rg

an
ic

 h
yb

ri
d 

flo
cc

ul
an

ts
 u

se
d 

to
 e

nh
an

ce
 s

et
tli

ng
 a

nd
 d

ew
at

er
in

g 
of

 M
FT

 a
nd

 k
ao

lin
ite

 s
us

pe
ns

io
n

N
um

be
r

T
itl

e
M

at
er

ia
ls

 a
nd

 m
et

ho
ds

M
ai

n 
re

su
lts

R
ef

er
en

ce
s

1
A

l-
PA

M
 a

ss
is

te
d 

fil
tr

at
io

n 
sy

st
em

 f
or

 
ab

at
em

en
t o

f 
m

at
ur

e 
fin

e 
ta

ili
ng

s

A
l-

PA
M

 w
as

 s
yn

th
es

iz
ed

 in
-h

ou
se

 b
y 

po
ly

m
er

iz
at

io
n 

of
 a

cr
yl

am
id

e 
m

on
om

er
 in

 a
n 

al
um

in
um

 h
yd

ro
xi

de
 c

ol
lo

id
al

 s
us

pe
ns

io
n 

w
ith

 
(N

H
4)

2S
2O

8/
N

aH
SO

3 a
s 

in
iti

at
or

 a
t 4

0 
o C

.
A

l-
PA

M
s 

of
 d

if
fe

re
nt

 m
ol

ec
ul

ar
 w

ei
gh

ts
 a

nd
 

al
um

in
um

 c
on

te
nt

s 
w

er
e 

us
ed

.
T

he
 A

l-
PA

M
 o

f 
in

tr
in

si
c 

vi
sc

os
ity

 o
f 

75
0 

cm
/g

, 
eq

ui
va

le
nt

 to
 a

n 
av

er
ag

e 
m

ol
ec

ul
ar

 w
ei

gh
t o

f 
tw

o 
m

ill
io

n 
D

al
to

ns
, w

as
 id

en
tifi

ed
 to

 p
er

fo
rm

 th
e 

be
st

. 
In

 th
e 

cu
rr

en
t s

tu
dy

, t
hi

s 
se

le
ct

ed
 A

l-
PA

M
 w

as
 u

se
d 

ex
cl

us
iv

el
y 

to
 fl

oc
cu

la
te

 M
FT

 a
ft

er
 p

ro
pe

r 
di

lu
tio

n 
fr

om
 3

0 
w

t.%
 to

 1
0 

w
t.%

 s
ol

id
.

E
ff

ec
tiv

e 
flo

cc
ul

at
io

n 
of

 u
ltr

afi
ne

 p
ar

tic
le

s 
w

as
 

co
nfi

rm
ed

 b
y 

lo
w

er
 tu

rb
id

ity
 o

f 
su

pe
rn

at
an

t a
ft

er
 

se
ttl

in
g 

of
 d

ilu
te

d 
M

FT
 w

ith
 A

l-
PA

M
 a

dd
iti

on
.

W
he

n 
M

FT
 d

ilu
te

d 
to

 1
0 

w
t.%

 s
ol

id
s 

w
as

 fi
lte

re
d 

w
ith

 7
5 

pp
m

 A
l-

PA
M

 a
dd

iti
on

, a
 fi

ltr
at

io
n 

ca
ke

 o
f 

23
 w

t.%
 m

oi
st

ur
e 

co
nt

en
t w

as
 p

ro
du

ce
d 

af
te

r 
25

 m
in

 o
f 

fil
tr

at
io

n.
To

 s
ho

rt
en

 th
e 

fil
tr

at
io

n 
tim

e,
 a

 tw
o-

st
ag

e 
de

w
at

er
in

g 
pr

oc
es

s 
w

as
 in

tr
od

uc
ed

: fl
oc

cu
la

tio
n 

an
d 

th
ic

ke
ni

ng
 o

f 
di

lu
te

d 
M

FT
, f

ol
lo

w
ed

 b
y 

fil
tr

at
io

n 
of

 
se

di
m

en
ts

.
W

ith
 s

uc
h 

an
 a

pp
ro

ac
h,

 fi
ltr

at
io

n 
tim

e 
co

ul
d 

be
 

fu
rt

he
r 

sh
or

te
ne

d 
co

ns
id

er
ab

ly
 f

ro
m

 2
5 

m
in

 to
 

10
 m

in
 to

 p
ro

du
ce

 a
 fi

lte
r 

ca
ke

 o
f 

23
 w

t%
 m

oi
st

ur
e.

[8
0]

2
A

 n
ov

el
 fl

oc
cu

la
nt

 o
f 

A
l(

O
H

) 3
–

po
ly

ac
ry

la
m

id
e 

io
ni

c 
hy

br
id

T
he

 h
yb

ri
d 

A
l(

O
H

) 3
–p

ol
ya

cr
yl

am
id

e 
(H

A
PA

M
) 

ha
s 

be
en

 s
yn

th
es

iz
ed

 u
si

ng
 a

 r
ed

ox
 in

iti
at

io
n 

sy
st

em
 

((
N

H
4)

2S
2O

8–
N

aH
SO

3)
 a

t 4
0 

°C
 in

 a
qu

eo
us

 m
ed

iu
m

.
T

he
 fl

oc
cu

la
tio

n 
be

ha
vi

or
 f

or
 0

.2
5 

w
t.%

 k
ao

lin
 

su
sp

en
si

on
 w

as
 e

va
lu

at
ed

 b
y 

sp
ec

tr
op

ho
to

m
et

ry
 a

nd
 

ph
as

e 
co

nt
ra

st
 m

ic
ro

sc
op

y.

It
 w

as
 f

ou
nd

 th
at

 a
n 

io
ni

c 
bo

nd
 e

xi
st

s 
be

tw
ee

n 
A

l(
O

H
) 3

 c
ol

lo
id

 a
nd

 p
ol

ya
cr

yl
am

id
e 

(P
A

M
) 

ch
ai

ns
 

in
 th

e 
H

A
PA

M
 a

nd
 th

e 
flo

cc
ul

at
io

n 
ef

fic
ie

nc
y 

of
 

H
A

PA
M

 is
 m

uc
h 

be
tte

r 
th

an
 th

at
 o

f 
co

m
m

er
ci

al
 

po
ly

ac
ry

la
m

id
e 

(P
A

M
) 

an
d 

PA
M

/A
lC

l 3
 b

le
nd

.
T

he
 s

yn
er

gi
sm

 b
et

w
ee

n 
A

l(
O

H
)3
 a

nd
 P

A
M

 in
 io

ni
c 

H
A

PA
M

 e
xi

st
s 

in
 th

e 
ka

ol
in

 fl
oc

cu
la

tin
g 

pr
oc

es
s.

 I
t 

ca
n 

be
 a

ttr
ib

ut
ed

 to
 e

le
ct

ro
st

at
ic

 in
te

ra
ct

io
n 

be
tw

ee
n 

th
e 

po
si

tiv
e 

A
l(

O
H

) 3
 c

or
e 

an
d 

th
e 

ne
ga

tiv
e 

pa
rt

ic
le

 
of

 k
ao

lin
 a

s 
w

el
l a

s 
th

e 
ad

so
rp

tio
n-

br
id

gi
ng

 e
ff

ec
t o

f 
po

ly
ac

ry
la

m
id

e 
ch

ai
ns

 in
 th

e 
H

A
PA

M
.

[8
1] (c

on
tin

ue
d)

14  Nanoparticles for Cleaning up Oil Sands Process-Affected Water



474

N
um

be
r

T
itl

e
M

at
er

ia
ls

 a
nd

 m
et

ho
ds

M
ai

n 
re

su
lts

R
ef

er
en

ce
s

3
Po

ly
ac

ry
la

m
id

e-
ba

se
d 

in
or

ga
ni

c 
hy

br
id

 fl
oc

cu
la

nt
s 

w
ith

 s
el

f-
de

gr
ad

ab
le

 
pr

op
er

ty

In
or

ga
ni

c-
or

ga
ni

c 
hy

br
id

 fl
oc

cu
la

nt
 w

as
 p

ro
du

ce
d 

fr
om

 in
or

ga
ni

c 
so

il-
T

iO
2-

PA
M

 h
yb

ri
d 

m
at

er
ia

ls
 b

y 
co

at
in

g 
of

 ti
ta

ni
um

 d
io

xi
de

 (
T

iO
2)

 n
an

op
ar

tic
le

s 
on

 
th

e 
su

rf
ac

e 
of

 in
or

ga
ni

c 
so

ils
 a

nd
 s

ub
se

qu
en

t 
po

ly
m

er
iz

at
io

n 
of

 a
cr

yl
am

id
e 

(A
M

) 
on

 th
es

e 
na

no
pa

rt
ic

le
s 

un
de

r 
vi

si
bl

e 
lig

ht
.

In
or

ga
ni

c 
so

ils
 in

cl
ud

in
g 

ka
ol

in
, b

en
to

ni
te

, 
m

on
tm

or
ill

on
ite

, a
nd

 d
ia

to
m

ac
eo

us
 e

ar
th

 w
er

e 
us

ed
 

to
 c

on
tr

ol
 th

e 
vo

lu
m

e 
an

d 
to

 r
ed

uc
e 

th
e 

co
st

, a
nd

 th
e 

T
iO

2 n
an

op
ar

tic
le

s 
ac

ce
le

ra
te

d 
PA

M
 d

eg
ra

da
tio

n.
To

 f
ur

th
er

 in
ve

st
ig

at
e 

th
e 

flo
cc

ul
at

io
n 

pe
rf

or
m

an
ce

 
of

 k
ao

lin
T

iO
2-

PA
M

 h
yb

ri
d 

m
at

er
ia

ls
, w

e 
pr

ep
ar

ed
 a

 
5 

g/
L

 k
ao

lin
 s

us
pe

ns
io

n 
as

 th
e 

w
as

te
w

at
er

 m
od

el
 

w
ith

 1
 m

l, 
2 

m
l a

nd
 4

 m
l o

f 
5 

g/
L

 k
ao

lin
 

su
sp

en
si

on
s,

 r
es

pe
ct

iv
el

y.
A

no
th

er
 5

 g
/L

 k
ao

lin
 s

us
pe

ns
io

n 
w

as
 u

se
d 

as
 th

e 
bl

an
k 

co
nt

ro
l. 

T
he

 s
ol

ut
io

ns
 w

er
e 

st
ir

re
d 

id
en

tic
al

ly
 

(i
.e

., 
in

 a
 “

ja
r 

te
st

” 
ap

pa
ra

tu
s)

 a
t 1

50
 r

pm
 f

or
 3

0 
s 

an
d 

60
 r

pm
 f

or
 5

 m
in

, f
ol

lo
w

ed
 b

y 
15

 m
in

 o
f 

se
ttl

in
g.

T
hi

s 
hy

br
id

 m
at

er
ia

l h
ol

ds
 g

re
at

 p
ro

m
is

e 
in

 
de

w
at

er
in

g 
te

ch
no

lo
gi

es
 a

nd
 e

nv
ir

on
m

en
ta

l 
pr

ot
ec

tio
n 

fo
r 

th
e 

re
se

rv
es

 o
f 

oi
l s

an
d.

In
 th

e 
fir

st
 5

 m
in

, fl
oc

cu
la

tio
n 

w
as

 o
bv

io
us

 d
ue

 to
 

th
e 

ad
so

rp
tio

n 
an

d 
br

id
gi

ng
 e

ff
ec

t o
f 

PA
M

, a
s 

ev
id

en
ce

d 
by

 fl
oc

cu
le

s 
at

 th
e 

bo
tto

m
.

W
ith

 e
xt

en
de

d 
tim

e,
 th

e 
tr

an
sm

itt
an

ce
 in

cr
ea

se
d 

gr
ad

ua
lly

, i
nd

ic
at

in
g 

th
at

 th
e 

co
nt

en
t g

ra
du

al
ly

 
be

ca
m

e 
cl

ea
r. 

W
he

n 
2 

m
l fl

oc
cu

la
nt

 w
as

 a
dd

ed
, t

he
 

flo
cc

ul
at

in
g 

ef
fe

ct
 r

ea
ch

ed
 o

pt
im

um
.

E
xc

es
s 

flo
cc

ul
an

t a
ff

ec
te

d 
th

e 
tr

an
sm

itt
an

ce
 o

f 
th

e 
so

lu
tio

n.
 C

om
pa

re
d 

to
 tr

ad
iti

on
al

 P
A

M
-b

as
ed

 
hy

br
id

 fl
oc

cu
la

nt
sk

ao
lin

-T
iO

2-
PA

M
 h

yb
ri

d 
m

at
er

ia
l 

al
lo

w
ed

 “
de

gr
ad

at
io

n 
by

 it
se

lf
”.

[8
2]

4
Fl

oc
cu

la
tio

n 
of

 
ka

ol
in

 in
 w

at
er

 u
si

ng
 

no
ve

l c
al

ci
um

 
ch

lo
ri

de
-

po
ly

ac
ry

la
m

id
e 

(C
aC

l 2
-P

A
M

) 
hy

br
id

 
po

ly
m

er

A
 n

ov
el

 c
al

ci
um

 c
hl

or
id

e-
po

ly
ac

ry
la

m
id

e 
hy

br
id

 
po

ly
m

er
 h

as
 b

ee
n 

sy
nt

he
si

ze
d 

by
 a

 r
ed

ox
 in

iti
at

io
n 

sy
st

em
 b

y 
us

in
g 

(N
H

4)
2S

2O
8 a

nd
 N

aH
SO

3 t
o 

in
iti

at
e 

fr
ee

-r
ad

ic
al

 s
ol

ut
io

n 
po

ly
m

er
iz

at
io

n 
of

 o
ne

 m
ol

ar
 

ac
ry

la
m

id
e 

so
lu

tio
n 

at
 5

0 
°C

.
O

ne
 m

ol
e 

of
 c

al
ci

um
 c

hl
or

id
e 

w
as

 b
le

nd
ed

 w
ith

 
po

ly
m

er
iz

ed
 a

cr
yl

am
id

e 
so

lu
tio

n 
to

 s
yn

th
es

is
 a

 
no

ve
l i

no
rg

an
ic

–o
rg

an
ic

 c
om

po
si

te
 p

ol
ym

er
 

(C
aC

l 2
-P

A
M

 h
yb

ri
d 

po
ly

m
er

).
Fl

oc
cu

la
tio

n 
pe

rf
or

m
an

ce
 o

f 
ka

ol
in

ite
 s

us
pe

ns
io

n 
w

as
 te

st
ed

 a
t v

ar
io

us
 d

os
ag

e 
an

d 
pH

.

T
he

 k
ao

lin
 s

us
pe

ns
io

n 
flo

cc
ul

at
io

n 
w

as
 f

ou
nd

 to
 b

e 
pH

 a
nd

 d
os

ag
e 

de
pe

nd
en

t.
R

es
po

ns
e 

su
rf

ac
e 

m
et

ho
do

lo
gy

 w
as

 d
on

e 
us

in
g 

ce
nt

ra
l c

om
po

si
te

 d
es

ig
n 

an
d 

sh
ow

ed
 th

at
 th

e 
C

aC
l 2

-P
A

M
 h

yb
ri

d 
po

ly
m

er
 w

as
 a

bl
e 

to
 r

ed
uc

e 
>

98
.0

%
 o

f 
tu

rb
id

ity
.

T
he

 o
pt

im
al

 o
pe

ra
tin

g 
co

nd
iti

on
 w

as
 r

ep
or

te
d 

be
tw

ee
n 

pH
 2

 a
nd

 2
.5

 a
nd

 d
os

ag
e 

be
tw

ee
n 

2 
an

d 
3 

m
g/

L
.

[8
3]

Ta
bl

e 
14

.4
 

(c
on

tin
ue

d)

A. Hethnawi et al.



475

commonly applied thermosensitive polymeric flocculant [91, 99]. This polymer can 
be adsorbed on the surface of the clay particles by hydrogen bonding at temperature 
below the lower critical solution temperature (LCST) that is about 32 °C [91, 99]. 
With enhancing temperature above the LCST, significant phase transition can occur, 
at which the coil size is reduced by one third of the original size, leading to convert 
the polymer from hydrophilic to hydrophobic [91, 99]. The hydrophobic interaction 
is essentially controlled by the isopropyl groups that tend to be limited with forma-
tion of intra-chain interactions below the LCST [91, 99]. Thus, primary aggregation 
step is carried out by heating the wastewater thermosensitive polymer suspension 
above LCST, and once the big flocs are formed, the sediments are cooled down by 
secondary consolidation step, so the polymer becomes hydrophilic again and 
detaches from the particles; thus, the small particles can fill the gap between flocs to 
further enhance the consolidation [91, 99]. However, the thermosensitive polymer 
of PolyNIPAm is non-ionic and cannot neutralize the negatively charged clay par-
ticles, which limits its application in flocculation of fine clay particles. Thus, many 
researchers have done many attempts on introducing cationic groups with hydro-
phobic moiety to polyNIPAm in order to achieve higher flocculation ability [91, 99]. 
Table 14.5 displays some recent studies focused on applying diverse thermosensi-
tive copolymers that are synthesized by copolymerization of N-isopropylacrylamide 
(NIPAm) with some hydrophobic moieties such as 2-aminoethyl methacrylamide 
hydrochloride (AEMA), 5-methacrylamido-1,2-benzoboroxole (MAAmBo), 
2-aminoethyl methacrylamide hydrochloride, and poly(acrylamidest-
diallyldimethylammonium chloride) (poly(AAm-st-DADMAC)), to create thermo-
sensitive copolymers that are able to effectively flocculate and consolidate the fine 
solid in kaolinite suspension [91, 99]. As shown, significant enhancement in settling 
and dewatering has been achieved by flocculating the MFT and kaolinite suspen-
sions with application of these thermosensitive copolymers in comparison with 
commercial anionic PAM. However, using thermosensitive polymers for large-scale 
application as flocculant for MFT has some downsides, related to the energy needed 
to heat up the slurry above the LCST and utilizing excess dosage of polymers to 
ensure good coverage of particle surfaces to induce aggregation above LCST 
[91, 99].

14.3.6  �Flocculation Behavior with Hydrophobically Modified 
Polymeric Flocculants

Copolymerization of acrylamide (AC) with other hydrophobic monomers such as 
polypropylene oxide (PPO), hyperbranched functional polyethylene (HBfPE), and 
diallyl dimethylammonium (DADMAC) is one of the most commonly used 
approaches to enhance the dewaterability of the MFT aggregates (Table 14.6) [83, 
92, 100]. In all the cases displayed in Table 14.6, the copolymer composition and 
average molecular weight were the most important factors affecting the settling and 
dewatering performance of MFT [83, 92, 100].

14  Nanoparticles for Cleaning up Oil Sands Process-Affected Water
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Copolymerizing different average molecular weights of AC and PPO (poly(AAm)-
g-PPO) significantly influenced the flocculation of the MFT [83, 92, 100]. At low 
solid content MFT (2 wt.% solids), the flocculation performance of poly(AAm)-g-
PPO was not similar to the anionic polyacrylamide (A-PAM) as indicated from the 
obtained values of ISR and CST [83, 92, 100]. In fact, the used dosages for the copo-
lymer were much lower than that for the commercial PAM (optimum performance 
achieved at about 2000 ppm for A-PAM versus 10 000 ppm for poly(AAm)-gPPO) 
[83, 92, 100]. The reason behind this referred to the large average molecular weight 
of the A-PAM (around 17 million Daltons) compared with that of poly(AAm)-
gPPO). It has been also obtained that the addition of calcium prior to flocculation 
with A-poly(AAm) may help in reducing the PAM dosage, since it increased the 
degree of pre-aggregation of the suspended solids [83, 92, 100].

At high solid content MFT (20 wt.%), on the other hand, the authors observed 
that poly(AAm)-g-PPO gave much better dewatering than A-PAM at their respec-
tive optimum dosages, as indicated by about ten times difference in the CST values 
measured after flocculation [83, 92, 100]. The authors have claimed that the reason 
for this was due to the presence of more hydrophobic segments in the in poly(AAm)-
g-PPO in comparison with A-PAM, not to the molecular weight difference [92]. To 
verify this, the author compared the flocculation performance of equal molecular 
weights of neutral PAM (N-PAM) and poly(AAm)-g-PPO, and the results have 
proven that the copolymer could still dewater MFT much better than the neutral 
poly(AAm) (CST of about 40 s versus CST of about 400 s) [92]. Likewise, floccu-
lating low solid contents MFT (5 wt.% solid) with A-PAM led to much higher ISR 
compared to that of hyperbranched functional polyethylene (HBfPE) flocculants, 
but the HBfPE outperformed when it was flocculated with 20 wt.% solids [92]. 
These results were attributed to the extremely larger molecular weight of the A-PAM 
(100 times higher than HBfPE) [100]. The authors have hypothesized that the high 
molecular weight plays limited role in flocculation performance when the distance 
between the solid particles presented in the MFT are shorter at high solid content 
[100]. These results are not in agreement with that obtained by using poly(acrylamide-
codiallyldimethylammonium chloride) poly(AAm-co-DADMAC). In fact, the aver-
age molecular weight does not play a considerable role (within the relatively wide 
range examined from 90 to 1450 kg mol−1[83], it is conceivable that it will become 
a factor for much lower molecular weights) in determining the performance of the 
copolymer based on the CST and SRF analyses [83]. The authors showed that the 
cationic copolymeric composition statistically influenced the settling and dewater-
ability performance, such that the flocculation and dewatering performance was 
better in the presence of more cationic segments, suggesting that charge neutraliza-
tion is the dominant mechanism in dewatering MFT [83]. It has been also reported 
from the same study that addition of more AC to the system of AAm-co-DADMAC 
enhanced the rate polymerization. However, presence of more AC lowered the 
dewatering performance of the copolymer. Therefore, presence of low mass fraction 
of AC might save some polymer for dewatering MFTs but sacrifices kinetics of the 
polymerization reaction, and polymerizations at lower rates are, in general, eco-
nomically less favorable than at higher rates.
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According to that, the flocculation/consolidation performance is highly influ-
enced by the molecular weight of the hydrophobically modified polymeric floccu-
lant, such that better dewatering performance can be achieved by the polymeric 
flocculants grafted with more segments of hydrophobic agents (i.e., high molecular 
weight) for the MFT samples with high solid contents. However, in industrial appli-
cations when dealing with thick MFTs (i.e., 30 wt. % solids), there should be a 
desired range of polymer molecular weights.

14.3.7  �Emerging Techniques for Treatment of Tailings

In addition to their high stability, MFTs might contain plenty of toxic and nonbio-
degradable organic compounds that cannot be discharged to the environment such 
as naphthenic acids (NAs) [65, 101]. Thus, some emerging technologies have been 
recently proposed to remove the highly toxic NA compounds and enhance the set-
tling and dewaterability of the MFTs. Nafie et al. (2017), for instance, have reported 
using β-Cyclodextrin-grafted nanopyroxene as eco-friendly platform for selective 
removal of NAs [101]. Nafie et al. (2018) also have suggested using oxy-cracking 
technique to destabilize the solid particles presented in the MFTs in order to enhance 
their flocculation consolidation behavior without applying any polymeric floccu-
lants [65].

14.3.7.1  �Oxy-Cracking Technique for Settling and Dewaterability of Oil 
Sands Mature Fine Tailings (MFT)

With employment of the oxy-cracking technique, the solid particles presented in the 
MFTs can be destabilized without adding polymeric flocculants by simultaneous 
oxidation and cracking reactions at which the residual bitumen presented on the 
MFT particles are cracked and solubilized in the liquid phase. This subsequently 
allowed for agglomeration and fast settling of the solid particles presented in the 
MFT, as schematically described in Fig.  14.7. The oxy-cracking procedure was 
experimentally done by placing well-mixed MFT sample inside one Parr reactor 
along with a strong basic material (i.e., KOH), which acts as a solubilizing agent 
[65]. The strong alkaline material is added to the mixture to ensure that the oxy-
cracked products are completely solubilized in the aqueous phases and not con-
verted to CO2. After that, the Parr reactor was tightly closed, allowing to the 
oxy-cracking reaction to carry out under the flow of oxygen at temperature range of 
423–498 K and pressure of 1000 psi over time ranging from 0.25 to 2h [65]. After 
completion of the reaction, the reactor is opened to release the excess of oxygen and 
undesirable product (i.e., CO2) [65]. Then, the oxy-cracked product was directly 
transferred to a graduated cylinder to record the initial settling rates (ISRs) and 
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capillary suction times (CSTs) at different time interval [65]. The mechanism at 
which the oxy-cracking reaction was carried out for of the stable particle existed in 
MFT can be described by using a complex model [65]. In such model, the hydrocar-
bon species presented on MFT fine particles were initially decomposed in the pres-
ence of the free ·OH radicals into a variety of oxygenated intermediates, which tend 
to be cracked into different group of organic compounds, such as carboxylic and 
phenolic acids. Some of those intermediates were further oxidized to form carbon-
ate or emitted as CO2 in the gas phase [65]. Thus, the oxy-cracking reaction is able 
to break down these hydrocarbons and increase their solubility in the water phase, 
and thereby they detach from the fine solids. The fine solids will then agglomerate 
and settle faster [65]. The results showed that the mudline was diminished by 65% 
over 24 h for all the MFT samples after oxy-cracking in comparison with the non-
oxy-cracked MFT. On the other hand, the consolidation (CSTs) tests arose fast and 
easy dewatering for the oxy-cracked MFT samples [65]. Furthermore, it has been 
obtained that both the temperature and residence time had no significant effect on 
settling rate. According to the CST measurements, it was also found that oxy-
cracked MFT sample at 423 K, compared with the other samples, was easier to 
dewatered [65]. Although the oxy-cracking technique is an effective process for 
enhanced particle settling in oil sands tailings, it is not practical for massive quantity 
of MFT and non-economically feasible. In fact, oxy-cracking of great quantity of 
MFT requires larger size Parr reactor or running the reaction for longer time, which 
elevates the capital and operational costs. In addition, weak monitoring of the oxy-
cracking reaction might cause releasing of extra amount of CO2 that is harmful to 
the environment.

Fig. 14.7  Schematic representation for oxy-cracking of the diluted sample of MFT and testing its 
initial settling rate (ISR), supernatant turbidity, and capillary suction time (CST)
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14.3.7.2  �Using β-Cyclodextrin-Grafted Nanopyroxene for Naphthenic 
Acids (NAs) Removal

In the removal of NAs, β-cyclodextrin-grafted nanopyroxene has been used, com-
bining the multifunctionality of B-cyclodextrins (BDN) and superficial ion exchange 
property of the nanopyroxene [102]. β-Cyclodextrin consists of hydrocarbon chains 
branched with large numbers of primary and secondary hydroxyl groups, creating 
lipophilic cavities [102]. Due to their biocompatibility and high affinity toward 
adsorbing several macromolecules, β-cyclodextrin has been commonly used to for 
wastewater treatment fields [102]. Thus, successful grafting of β-cyclodextrin on 
the surface of nanopyroxene allowed to create a novel adsorbent with excellent 
characteristics, which have a strong ability to capture complex organic pollutants, 
such as NAs. However, the nanopyroxene, without primarily functionalizing it with 
a dual affinity agent, cannot be grafted by the β-cyclodextrin [101, 103]. Thus, the 
nanoparticle surface was firstly coated with an organic-inorganic hybrid bridge of 
3-glycidyloxypropyl trimethoxysilane (TG3), as shown in Fig.  14.8. In fact, the 
TG3, in the presence of toluene, is covalently bonded to the surface of the nanopy-
roxene by creating methoxy oxygenated sites [101, 103]. As a second step, the 
hydroxyls on the surface of BDN are activated by dissolving the dried monomer in 
an organic solvent of N,N-dimethylformamide (DMF) in the presence of a basic 
catalyst of sodium hydride, and then the mixture is dried, and its slurry product is 
added to a reflux system [102]. The slurry product in addition to the previously 
prepared solution of nanoparticles is mixed together for two hours at high tempera-
ture (i.e., 423 K). Such conditions allow for opening the epoxy ring for the 

Fig. 14.8  CPK representation for the (a)10  nm of nanopyroxene (PNPs), (b) side view of 
β-cyclodextrin (BCN) molecule, (c) 45 o perspective view presenting the primary coating PNPs 
with 3-glycidyloxypropyl tri-methoxy-silane (TG3), and (d) side view for the grafted nanoparti-
cles of PNPs with BCN (PNPs-BCN) interacted with two hydrolyzed TG3 molecules. Red atoms 
represent oxygen, gray atoms represent carbon, white atoms represent hydrogen, and yellow atoms 
represent silicon [101]. Permissions related to the material excerpted were obtained from the 
American Chemical Society (ACS) and further permission should be directed to ACS
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interaction by nucleophilic substitution with the activated O- from the hydroxyls 
presented on the monomer [102]. The cavities presented on the structure BDN 
allows the accommodation of large and complex organic molecules such as naph-
thenic acids via adsorption [101]. These cavities are generated due to the distribu-
tion of the oriented units of the glucose molecules that is in the form of circular 
cones on the structure of BDN [101]. These trapping cones on the BDN are com-
posed of seven methyl alcohol groups that are held together in a unique structure by 
intermolecular forces other than those of full covenant bonds (host-guest interac-
tion) [102]. The results have shown successful adsorption of NAs on the grafted 
nanoparticles after performing batch adsorption test for synthetic wastewater con-
taining NAs. Nevertheless, these types of grafted nanoparticles are not easy to pre-
pare and required following complex procedure which depends on sever conditions.

14.4  �Oil Spill Removal

The oil spills, without an effective removal method, showed adverse impacts to 
ecosystems and the long-term effects of environmental pollution that calls for an 
urgent need to develop a wide range of materials for cleaning up oil from oil-
impacted areas [104, 105]. Additionally, the oil spills generate oil-water emulsions 
with produced water, hampering their treatment and disposal processes through 
physical separation, chemical processes, or biological degradation [104, 106]. Thus, 
a wide range of materials for oil spill removal has been successfully implemented 
including dispersants, absorbents, solidifiers, booms, and skimmers [105–108]. 
Recently, many scientists argue that applying most of these materials for oil reme-
diation can be toxic—some at least as toxic as dishwashing liquid—and could be 
more harmful to the environment than the oil itself [104]. Also, there is potential for 
dispersants to bioaccumulate in seafood. Alternatively, many less harmful porous 
absorbents with some attractive characteristics (i.e., hydrophobicity or oleophilicity 
and high uptake capacity) have been used due to their high performance toward 
removal of the oil spill at high capacity and the possibility of recovery from the oil 
spill site [108]. Adding these porous sorbents facilitates a change from liquid to 
semisolid phase, and once this change is achieved, the removal of the oil, by removal 
of the absorbent structure, then becomes much easier. Also, many porous materials 
can, in some cases, be regenerated [109]. However, these materials have limited 
recyclability, due to the need for an effective oil/water separation process after each 
sorption step. The sorbed oil also requires mechanical handling, filtration, or high-
rate centrifugation procedures that cannot be obtained under continuous operations. 
Traditionally, the oil/water separation occurred following standards like ASTM 
F716 and ASTM F726 [110]. These standards have shown inaccurate gravimetric 
measurements for the removed oil. Accordingly, applying these standards is inap-
propriate in describing the phenomena responsible for oil spill removal [111]. 
Recently, nanoparticle technology appeared to provide a practical and interesting 
alternative. As sorbents, nanoparticles have some unique properties, such as large 
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specific surface area per unit volume, high and fast equilibrium uptake, and great 
dispersibility for in situ treatment [112]. These properties have attracted many 
researchers to study their potential in the removal of oil spills via magnetite nanopar-
ticles. Magnetite nanoparticles are economically favorable and easy to use as adsor-
bents in large-scale application. Also, they allow easy separation and recovery by 
applying an external magnetic field [8]. For the purpose of magnetic separation, 
magnetic nanoparticles can be synthesized into two forms: direct sorbent or in form 
of nanocomposite feature. Direct sorbent is formed when the magnetic nanomate-
rial occupies the whole structure of every single part of the nanoparticle [113]. 
Nanocomposite structure, on the other hand, is obtained when the magnetite is pre-
sented in nanoscale within the structure of the material to provide the desired func-
tion for the nanoparticles [103, 109].

14.4.1  �Modified ASTM Protocol for Oil 
Removal Quantification

Under well-controlled conditions, the modified protocol for ASTM standard for oil 
spill absorption performance can be employed as shown in Fig. 4.9. The protocol 
allows for gravimetric evaluation of oil spills, which interact with the magnetic 
nanoparticles, without the employment of filtration or any other physical separation. 
Before testing the oil removal performance, a noncontact experiment should be ini-
tially performed to eliminate the real effect of the particle dispersion and their 
response toward the magnetic separation. During the experiment, a pre-weighted oil 
spill is simulated into a 500-mL beaker filled with deionized water at room tempera-
ture (Fig. 14.9a). After that, a certain amount of magnetic nanomaterial is added and 
distributed evenly on the oil under magnetic stirring for 2 min. Then, magnetic sepa-
ration is used to withdraw the oil spill by placing a magnet 2 mm away from the 
water surface. Oil spill uptake is estimated by calculating the difference between the 
weight of simulated and magnetically separated oil spills (Fig. 14.9b-d). If there 
was a significant effect on self-magnetism of the particles, it should be subtracted 
from the uptaken oil spill.

14.4.2  �Magnetic Oil Sorbent-based Nanoparticles

Due to the lack of stability, the naked iron oxide nanoparticles are either easily oxi-
dized in air or tend to aggregate under aqueous conditions, which limits their appli-
cation in remediation of oil spills. Thus, protection or functionalization procedures 
during or after the synthesis have recently been performed to apply the iron oxide 
nanoparticles more wisely [114–120]. These methods include coating or function-
alization with organic or inorganic chemical agents, embedding the iron oxide 
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nanoparticles in polymer composites, and combining the iron oxide nanoparticles 
with activated carbon by physical and chemical methods [114–120]. Table  14.7 
illustrates the most recent magnetic sorbents used for oil removal in addition to their 
functional materials, synthesis method, application, and their maximum oil uptake 
[114–120]. The table presents many magnetic oil sorbents that have been synthe-
sized by combining the magnetic sorbents with organic compounds, macromole-
cules, biomolecules, polymers, inorganic materials, and activated carbon. These 
magnetic oil sorbents are characterized by having some favorable properties, includ-
ing high sorption uptake, high hydrophobicity, high unsinkable properties to contact 
with oil (low density are easier to collect after sorption), ferromagnetism, and reus-
ability [114–120]. The table shows that the magnetic structure of these magnetic 
sorbents mainly consists of iron oxide, which can be directly added in forms of 
powder or synthesized by several methods [114–120]. As shown from the table, the 
iron oxide has been directly added to the hydrothermally treated melamine di-borate 
(M2B) to obtain magnetic hexagonal boron nitride [119]. On the other hand, the iron 
oxide can be synthesized by co-precipitation method, thermal decomposition, 
hydrothermal synthesis, and microemulsion. In co-precipitation, a chemical reac-
tion is carried out between Fe3+ and Fe2+ salts in a highly basic solution and the 
absence of oxygen [68, 114–120]. For surface functionalization or coating, the 

Fig. 14.9  Oil sorption test using a magnet, modification to ASTM F726-12. Photographs taken by 
the first author of this chapter
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coprecipitation method has been developed by adding functional materials or sur-
face-active agents in the reaction media to reduce the aggregation and oxidation of 
naked iron oxide nanoparticles [114–120]. It has been reported that the size, shape, 
structure, and magnetic properties of iron oxide nanoparticles could be affected by 
the conditions of preparation, such as the type of Fe3+ or Fe2+ salt, the Fe3+/Fe2+ ratio, 
the pH value, the reaction temperature, and the ionic strength of the media [121]. 
One disadvantage of the method is that during both the synthesis and purification 
process, the pH value has to remain high, which adversely affects the formation of 
uniform and monodispersed nanoparticles. Instead, high-quality monodispersed 
magnetic iron oxide nanoparticles can be formed by thermal decomposition method. 
In such method, the raw materials used frequently are organometallic compounds 
primarily including Fe(cup)3 (cup  =  N-nitrosophenylhydroxylamine), Fe(acac)3 
(acac = acetylacetonate), or Fe(CO)5 in an organic solution phase containing stabi-
lizing surfactants under relatively high temperatures (200–300  °C) [68]. 
Unfortunately, the iron oxide generated by this method have a narrow size distribu-
tion and are highly monodispersed while only dissolvable in nonpolar solvents. 
With hydrothermal method, on the other hand, a chemical reaction occurred in 
aqueous solution containing iron salts under hydrothermal conditions, namely, a 
high-temperature aqueous solution (130–250  °C) and high vapor pressure 
(0.3–4 MPa) [68]. Through a hydrothermal process, the iron-based precursors could 
influence the size and shape of the magnetic products, and an appropriate hydrother-
mal temperature could cause an increase in the saturation magnetization.

Microemulsion, other synthesis process, is a thermodynamically stable method 
that generate magnetic sorbents from two immiscible phases in form water-in-oil 
micro-emulsion in the presence of surfactant [68]. The generated microemulsion 
consists of aqueous droplets stabilized by surfactant molecules in continuous phase 
[68]. The droplets, then, exist as reaction media to monitor the shape and size distri-
bution of particles prepared by precipitating iron salts. Compared with the previ-
ously mentioned methods, many authors have proven that the formed nanoparticles 
by microemulsion method had a smaller size and higher saturation magnetization 
[68]. However, it is not simple and requires extra efforts for separating the nanopar-
ticles and controlling their synthesis conditions. As shown in the table, the tabulated 
magnetic sorbents showed great potential in removing different types of synthetic 
and crude oils, especially the magnetic carbon nanotubes (study number 5), that 
outperformed with maximum uptake of 56g gasoline/g [118]. Nevertheless, these 
magnetic carbon nanotubes showed high bio-persistence. Hence, short- or long-
term exposure of them might lead to harmful effect to the living organisms and 
human being (i.e., induced sustained inflammation, lung cancer, and gene damage 
in the lung). From the studies listed in the table, it is also worth to note that none 
from the first five studies have clearly described the mechanism at which the oil has 
been removed with the use of magnetic sorbents [114–120]. In most of the cases, it 
is not clear whether the removal of oil was due to surface effect (adsorption) or 
capillary effect (pore filling) of crude oil molecules on a hydrophobic magnetic 
sorbent, especially after surface modification [119]. Accordingly, sorption as gen-
eral term is used to encompassing both “adsorption” and “absorption” phenomena, 
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such that both phenomena normally have been used interchangeably [119]. The last 
two studies, in contrary, had better observation for the mechanism involved in 
removing of oil by testing the magnetic sorbent in the removal of other dyes with 
opposite charges as model molecules, such that methylene blue (MB) and amaranth 
acid red (AR) [119]. By attaining the adsorptive removal isotherms from both model 
molecules, the involved mechanism in removal of the crude oil has been identi-
fied [119].

14.5  �Conclusion

This book chapter examined the sources, characteristics, and water quality con-
strains for oil sands process affect water (OSPW) generated during the extraction or 
transportation of the bitumen and the different methods available for their treatment 
and disposal. Accordingly, this chapter comprehensively discusses the conventional 
physical/chemical treatment methods for the OSPW generated during oil extraction 
processes such as steam-assisted gravity drainage (SAGD) and surface mining. The 
chapter also provided an overview about the materials and methods that are tradi-
tionally utilized to remove the oil spills produced during oil transportation. In treat-
ment of SAGD produced water, we critically reviewed the primary, secondary, 
tertiary, and emerging treatment technologies used to reduce the high concentration 
levels of silica, total organic carbon, and total hardness. We deeply reviewed some 
classical technologies implemented to enhance settling and consolidation of oil 
sand tailings, such as freeze-thawing, centrifugation, consolidated tailings (CT), 
and paste technologies (i.e., polymeric flocculation). Furthermore, we highlighted 
the advantaged and challenges of some recent magnetic sorbents used for oil spill 
remediation. As a result, we conclude that:

	1-	 In the chemical treatment of SAGD produced water, introducing lime, ash, and 
slaked and non-slaked magnesium might enhance the concentration of divalent 
ions (i.e., Ca+2 and Mg+2), which increases the need for another unit to be elimi-
nated (i.e., WAC). This unfortunately adds additional disadvantages and extra 
operational and capital costs for the whole chemical treatment process. In the 
walnut shell filter unit, surface modification can be done for the filter aid mate-
rial to enhance the removal efficiency of silica and TOC.

	2-	 For enhancing settling and consolidation of fine tailings, the conventional tech-
nologies such as filtration and centrifugation are costly material or/and energy 
intensive physical separation methods. Thus, the chemical treatment has 
remained as the most adapted technology to enhance the flocculation and con-
solidation of MFT. Nevertheless, the chemical treatment requires adding of mas-
sive amount of coagulant aid (i.e., gypsum) and high molecular weight of 
polymeric flocculants (i.e., polyacrylamide-based copolymers).

	3-	 Traditional remediation methods for the oil spills are either energy or material 
intensive. Additionally, many international scientists argue that most of the 
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applied materials for oil remediation can be toxic and could be more harmful to 
the environment than the oil itself. Many researchers have alternatively used 
magnetic sorbents that showed better performance and less environmen-
tal impact.

	4-	 A family of eco-friendly nanoparticles, as part of emerging techniques, devel-
oped by Nassar’s group at the University of Calgary has been effectively com-
bined or integrated with the many physical and /or chemical processes utilized 
for remediation of OSPW.
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