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A B S T R A C T   

A commercial titania ceramic nanofiltration membrane unit with a permeate flow capacity of 20 m3/h was used 
to reduce ion concentration, Total Suspended Solids (TSS) and Total Organic Carbon (TOC) in recycle water from 
a Canadian oil sands mine. This unit, the first of its kind, was tested for almost two years to evaluate membrane 
performance under actual recycle process water conditions. This paper focuses on the results at a 50% stage cut. 
A strong correlation between specific flux and rejection was found, with the highest mass rejections observed at 
the lowest specific flux values. A potential formation of a cake layer on the membrane surface seems to favour the 
rejection since lower specific flux values improved mass rejection. The analysis of more than 20 ions showed that 
differences in hydrated ionic sizes and electrostatic phenomena are at play with divalent cations showing the 
largest rejection. Additional 75–90% TOC and almost 100% TSS rejection was observed. These results indicate 
that it is possible to implement this technology in an oil sands mine and obtain significant water quality im
provements and reducing river water intake.   

1. Introduction 

Mineable oil sands constitute an important source of crude oil to the 
worldwide market, with production accounting for approximately 1.5 
million barrels per day, almost entirely coming from Canadian oil sands 
deposits [1]. These oil sands are unconsolidated sand deposits consisting 
of solids (silica sand, quartz, silts, and fine clays ca. 85 wt%), water (3–6 
wt%), and bitumen (0–16 wt%), which is a high molar mass viscous 
petroleum fluid. Canada and Venezuela have the two largest sources of 
bitumen in the world, with resources comparable to those of the con
ventional oil deposits worldwide. In Canada, over 95% of the known in- 
place oil volumes are in three areas in Northern Alberta: Athabasca, 
Peace River, and Cold Lake [2]. The Athabasca deposit, the largest Ca
nadian oil sands deposit, is the only resource shallow enough to be 
partially amenable to open-pit mining techniques [3]. 

Once the oil sands are mined, the bitumen is separated from the sand 
through contact with hot water. The extraction process mainly operates 
at a ratio of 9 barrels of water per barrel of oil [4]. Consequently, water 
is a key natural resource to the production of the oil sands. The water 
sources for the extraction process are typically nonsaline water (i.e. 
surface river, runoff water, and nonsaline groundwater) [5] from nearby 

sources (5–20%) and existing recycled process water (80–95%) [6]. 
Furthermore, water is a very important oil sands process parameter 
because once river water enters the mines sites and becomes produced or 
recycle process water, it cannot be discharged back to the environment 
as per governmental “zero discharge policy” [7]. This policy ensures that 
the quality of the river water is maintained, and the health of aquatic 
creatures is protected [8]. This situation creates two major challenges 
for the oil sands industry: (a) maintaining dissolved ions and solids of 
recycle process water at adequate concentrations to avoid any detri
mental effects on oil recovery and process equipment; (b) creation of 
large tailings ponds as containment facilities for the recycle process 
water. The tailings stream from the process is a slurry composed of 
approximately 44 wt% water, 1 wt% residual bitumen, and 55 wt% 
solids, of which 82 wt% is sand, and 17 wt% are solids smaller than 44 
µm (fines solids). Salts, surfactants, naphtha, hexane and other light 
hydrocarbons may also be present in the tailings mixture [9]. When 
tailings streams are discharged into the tailings ponds, the coarse solids 
settle out rapidly in areas nearby the edge (beach) whereas residual 
bitumen, fines and water are carried in the run-off slurry. Some of the 
fines start settling across the tailings pond, but it takes several years to 
reach complete settling without any chemical addition. During the 
tailings deposition in the ponds, a “free water” zone containing few 
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solids is formed, as shown in Fig. 1. This free water, containing organic 
components such as naphthenic acids and sulphonates, is pumped out 
and recycled as process water in the extraction process. Furthermore, 
this recycle process water contains many electrolyte species, such as Cl− , 
SO2-

4 , HCO-
3, Ca2+, Mg2+, and Na+ [10], which can cause fouling and 

scaling in downstream systems. 
Fig. 2 shows a scheme of a typical water system in an oil sands mine. 

Two water sources are used in the oil sands process: river water and 
recycle process water. The river water that enters the mine site is stored 
in a river water pond to be subsequently distributed either to utilities 
area for steam production in boilers or as a gland water for a pumping 
system located at the extraction plant. In this plant, separation of oil 
from water and sand occurs and tailings are generated as a by-product. 
These tailings are subsequently pumped to the tailings ponds where 
“free water” is produced. This water is collected in a “recycle process 
water” pond that supplies almost all the water demand required by the 
oil extraction plant. Due to the importance of this recycle process water 
pond, daily water quality controls are performed to ensure concentra
tions of ions, suspended solids, and organic material are under estab
lished operational limits. 

The large water consumption required in the oil sands industry has 
highlighted the need for looking into different alternatives to reduce 
river water intake or increase the use of existing recycle process water. 
This need is currently one of the key drivers of the sustainability pro
grams of these mines. Typical water treatment technologies in oil sands 
mines include a combination of clarifiers, microfiltration membranes, 
softeners, and reverse osmosis. A promising alternative for the previous 
described water treatment within the oil sands industry is the use of 
ceramic nanofiltration membranes due to their excellent chemical 
resistance to inorganic acids and oxidants, the tolerance to high tem
peratures and longer life span than polymeric membranes [10]. Several 
studies have been conducted to treat oil-containing wastewater using 
ceramic membranes. These studies showed that ceramic membranes 

perform better than polymeric membranes on oil-containing waters 
[11,12]. Furthermore, ceramic membranes with a pore size in the (sub) 
nanometer range can reject significant amounts of solids, bitumen and 
electrolytes that are present in the recycle process water due to the size 
of these components. 

Very few studies about the use of nanofiltration membranes to treat 
oil sands process water are available in the open literature, and most of 
these studies use polymeric membranes. Peng et al. [13] studied the 
performance of three different commercial polymeric flat sheet nano
filtration membranes in well-controlled, bench-scale experiments. The 
membranes were used to treat different types of oil sands process water 
(imported and potential discharge waters from a mine site). Perfor
mance was focused on removal of polyvalent ions (reduction of hard
ness) and naphthenic acids due to its toxicity. The use of these 
membranes showed a significant reduction in water hardness and 
naphthenic acids (>95%). Even though the membranes fouled during 
the tests, it was found that the fouling was reversible. Kim et al. [14] 
investigated the application of nanofiltration and reverse osmosis 
membranes to remove salt ions in the oil sands process water and 
studied the effect of pre-treatment methods such as coagulation- 
flocculation-sedimentation (CFS) with and without the use of co
agulants and coagulant aids. Experiments were performed using a lab- 
scale membrane cross-flow filtration module and two nanofiltration 
polymeric flat-sheets membranes. Results show that addition of co
agulants to the pre-treatment CFS process provided higher elimination 
of salts than only gravity settling, and this helps to reduce membrane 
fouling and improved membrane performance (~69% and 82% NaCl 
removal with and without pre-treatment respectively) [14]. Sadrzadeh 
et al. [15] studied the use of polymeric nanofiltration membranes in 
different water treatment processes of an in-situ heavy oil recovery 
method called SAGD (steam assisted gravity drainage). This process, 
which is widely used for bitumen extraction from oil sands in Canada, 
uses produced water to generate steam, which is injected through a 
horizontal well into the bitumen-containing formation to decrease the 
viscosity of the bitumen and allow its extraction. This produced water, in 
comparison to recycled process water from an oil sands mine as dis
cussed in this work, has in general higher pH values (9–10.5 vs. 7.3–9.0), 
higher TOC (420–500 vs. 46–85 mg/L) and lower calcium and magne
sium concentration (0.84–2.5 vs. 30–80 mg/L). These SAGD produced 
water ranges are representative of boiler feed water and warm lime 
softeners. The membranes used by Sadrzadeh et al. were thin film 
composites consisting of three layers: a thin polyamide or sulfonated 
polyethersulfone active layer (100–300 nm), an intermediate micropo
rous layer (~40 μm), and a mesoporous polyester non-woven fabric 
support (~100 μm). Results shows a removal of up to 98% of the total 
dissolved solids (TDS), total organic carbon (TOC), and dissolved silica, 
and more than 99% removal of divalent ions was achieved using com
mercial polymeric nanofiltration membranes. 

For mining industry applications, no testing of ceramic nano
filtration membranes has been done at commercial scale. Loganathan 
et al. [16] used a pilot-scale membrane system in an oil sands mine to 
study the effects of different pre-treatment technologies on the perfor
mance of ceramic ultrafiltration membranes during the treatment of oil 
sands recycle process water. This system consisted of two treatment 
trains operated in parallel. Treatment train 1 used coagulant addition 
prior to the ceramic ultrafiltration system, and treatment 2 included 
softening and coagulant addition, followed by the ceramic membrane 
system. The treatment trains consisted of titania membrane elements 
(CeraMem® FE-S2S- 0100TO-D00-00) with a nominal average pore size 
of 0.1 μm. Results show that coagulant addition was necessary for almost 
complete solids removal and membrane fouling could be reduced by the 
addition of a softening step as pre-treatment. 

Overall, these studies show that nanofiltration technology could be 
applied in the water treatment of oil sands with significant reduction (up 
to 95%) in organic components and electrolytes. However, the studies 
also show that the use of polymeric membranes require either chemical 

Nomenclature 

Symbol Description [Units] 
CIP Cleaning in Place [–] 
CFS Coagulation-flocculation-sedimentation [–] 
Da Dalton [–] 
IC Ion chromatography [–] 
ICP Inductively coupled plasma [–] 
IEP Isoelectric point [–] 
Re Reynolds number [–] 
SAGD Steam assisted gravity drainage [–] 
TMP Transmembrane pressure [bar] 
TNU Titania Nanofiltration Unit [–] 
TOC Total Organic Carbon [mg/kg] 
TDS Total Dissolved Solids [mg/kg] 
TSS Total Suspended Solids [mg/kg]  

Fig. 1. Segregation profile of tailings ponds.  

S. Motta Cabrera et al.                                                                                                                                                                                                                        



Separation and Purification Technology 256 (2021) 117821

3

or physical pre-treatment technologies to avoid rapid detrimental effects 
from organic acid and solids content present in the water streams. Note 
that ceramic membranes, in comparison to polymeric membranes, show 
better resistance against mechanical, thermal, and chemical stress 
[17,18]. They are also easier to maintain, have a longer lifespan, and do 
not swell or compact [19,20]. In addition, the small pore size of these 
membranes provides the potential to meet the current water treatment 
effluent standards with no chemical pre-treatment [21,22]. 

Based on the potential benefits of using ceramic nanofiltration 
technology in the oil sands mine industry, the first of its kind commercial 
pilot unit with titania membranes (Titania Nanofiltration membrane 
Unit - TNU) was built and installed in a Canadian oil sands mine to 
determine its performance in a 24/7 production operation. This tech
nology could be used as a pre-treatment stage upstream of the reverse 
osmosis unit. Alternatively, the water produced from these ceramic 
membranes could be fed directly to boilers if this water has the required 
quality characteristics to produce steam. Another potential application 
in the Oil Sands Extraction Process is the treatment of warm water 
coming from thickener overflow. This means that instead of sending this 
water stream to the tailings ponds, where it will be cooled down to 
ambient temperature, the stream would be reused in the extraction 
process. Thereby, saving on heating costs and reducing greenhouse gas 
emissions. 

The economic feasibility of implementing ceramic nanofiltration 
membranes in the oil sands industry would depend on the desired 
application and potential operating savings in the long term (e.g. feed to 
the existing conventional reverse osmosis system in an oil sands mine for 
further polishing vs. treatment of warm thickener overflow water). The 
potential savings could be quantified in terms of amount of fresh water 
withdrawn from the river, as well as energy savings and reduction of 
greenhouse gases emissions. As a reference, a Mine Waste Technology 
program 2002 annual report compared the investing and operating costs 
of polymeric and ceramic membrane systems with a capacity of 1,136 l/ 
min. The capital cost of a ceramic membrane system was approximately 
1,900,000 USD vs. 1,800,000 USD for a polymeric membrane system 
(about 5% difference). The annual operating costs of a ceramic mem
brane system was about 55% less than the similar capacity polymeric 
membrane system due to lower maintenance cost of ceramic mem
branes. In general, the usage of ceramic membranes in treatment of 
mining effluents show more long-term advantages such as durability, 
better chemical and mechanical stability, and lower annual operational 
costs in comparison to polymeric membranes [23]. 

The Titania Nanofiltration Unit of this study was located next to a 
recycle process water pond which supplies most of the water to the oil 
sands extraction process (see Fig. 2). The TNU was fed with the same 
water quality used in oil sands processing at real-time production con
ditions (e.g. bitumen content, soluble ions, dispersed solids). This means 
that any type of operational upsets, present in the recycle process water, 
such as high solids content or TOC, was immediately observed at the 
TNU facility. The location of the TNU was temporary and only for the 
testing; however, this location may be suitable for future commercial 
implementation. 

The work described in this paper focuses on the evaluation of the 
performance of titania nanofiltration membranes treating actual oil 
sands recycle process water, without any type of chemical or mechanical 
pre-treatment. This work also focuses on understanding the most 
dominant mechanisms that impact the membrane performance. Per
formance has been measured as water quality (ion rejection, TSS and 
TOC reduction). To the authors’ knowledge, the use of titania nano
filtration membranes in an oil sands mine at a commercial scale, as 
described in this work, is a novel approach in this industry. This appli
cation is the first attempt at understanding the performance of ceramic 
nanofiltration membranes under actual operation conditions in a 24/7 
production operation. 

2. Equipment and system description 

2.1. Commercial titania nanofiltration unit (TNU) 

The Titania Nanofiltration Unit (TNU) is a fully automated mem
brane filtration unit, requiring minimal attention from an operator. The 
unit consists of two 12.2 m sea-containers equipped with internal 
heaters to avoid freezing of pipelines and equipment during winter 
conditions because ambient temperatures in the northern of Alberta in 
Canada can reach values as low as – 40 ◦C. The TNU has four insulated 
membrane modules in series (Fig. 3). 

The TNU process flow diagram is shown in Fig. 4. Recycle process 
water, without any pre-treatment, is fed to the unit through a slip stream 
that comes from the main recycle process water pipeline. This slip 
stream supplies recycle process water to a feed pump in the TNU that 
brings up system pressure into a recycle loop. An additional recycle 
pump is used to create crossflow velocity over the membrane to keep the 
water in a turbulent state to minimize fouling. Clean water is permeated 
through the membrane and is collected in a permeate tank. At set times a 

Fig. 2. Overall water system in an oil sands mine and TNU testing facility.  
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backflush is automatically initiated to clean the membranes by flushing 
back a limited amount of permeate water through the membrane. The 
retentate (or concentrate), is extracted from the recycle loop via a 
backpressure controller and sent back to the recycle process water pond. 
The discharge location of the retentate is different from where the 
recycle feed water to the TNU is initially supplied to avoid cross- 
contamination. Each of the streams in the unit is equipped with a sam
pling point, flowmeters and pressure gauges. The TNU also contains an 
automatic cleaning in place (CIP) system that is activated if the mem
brane has been fouled to such an extent that backflush cannot clean the 
membrane effectively. In a CIP cycle, the membrane is automatically 
cleaned with caustic soda (NaOH) and citric acid solutions to render the 
membrane back to its initial performance. Caustic soda helps to remove 
organic foulants and citric acid is used to remove scales and metal oxides 
[24]. The caustic soda and citric acid solutions are stored in two tanks 
embedded within the TNU facility. The system has two pressure relief 
valves, which open when reaching the design pressure to avoid further 
pressure increase. A series of analog and digital sensors are installed in 
the TNU to monitor any potential high or low value alarms for safety and 
to ensure the integrity of the system. If an alarm occurs, the unit switches 
off and closes all valves to prevent fluid release. The alarms in the system 
are triggered by low and high temperature and pressure in the mem
brane loop, low volumetric flow in membrane loop, low and high 
volumetric flow in the permeate line, low and high levels in the CIP 
tanks, and high temperature in the CIP tanks. 

The unit also has a small lab area where samples of feed, permeate, 
and retentate are taken by an operator. The entire TNU system is 

operated using a touch panel which is installed in a control cabinet. 
Measured values such as temperature, pressures and volumetric flows 
are recorded in the unit every 30 min. Table S1 (Supporting Informa
tion) shows the main design specifications and available ranges that can 
be introduced as settings in the TNU system. 

2.2. Ceramic membranes 

Each membrane module or housing in the TNU contains 45 titania 
membranes (Fig. 5a). Each membrane, with a length of 1,200 mm has 
151 channels (Fig. 5b) with an approximate diameter of 2 mm. The total 
surface area per module is 58.5 m2. The titania membranes used in the 
unit are cylindrical, multi-layered with a final separation layer having 
nano-sized pores (0.9 nm in average) determined by N2 sorption [25]. 
The main properties of the membrane according to supplier, Inopor, are 
shown in Table 1. 

Fig. 6 displays a SEM image of the membrane. The mean thickness of 
the first titania layer (from left to right in the figure) is 0.5 μm with a 
pore size of 5 nm. The zirconia intermediate layer with a pore size of 3 
nm and the final titania/zirconia separation layer with a pore size of 0.9 
nm cannot be individually distinguished in Fig. 6. The total thickness of 
both layers was 100 nm. The separation layer was applied on the support 
through a polymeric sol–gel technique based on a titanium isopropoxide 
precursor [26]. 

The metal oxides in the separation layer (titania and zirconia) show 
amphoteric behaviour in water, meaning that they can act as acids or 
bases (donating or receiving protons) depending on the pH of the 

Fig. 3. Titania Nanofiltration Unit (TNU).  

Fig. 4. TNU process flow diagram.  
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solution. These oxides also carry no net electrical charge at a pH known 
as the isoelectric point (IEP). Knowledge of pH of the solvent stream is a 
key parameter when using ceramic membranes because it determines 
the membrane surface charge based on its IEP. pH values below the IEP 
lead to a positive charge on the ceramic membrane, and pH values above 
the IEP initiate a negative charge [28]. The predominant functional 
groups of the membrane depending on pH are M− OH2

+ and M− O− , 
where M is the titanium/zirconium metal, as per following reactions 
[29]:  

M− OH + H3O+ < –> M− OH2
+ + H2O (pH lower than IEP)                (1)  

M− OH + OH– < –> M− O− + H2O (pH higher than IEP)                    (2) 

The hydroxyl groups on the left side of these reactions are formed 
from the metal oxides by dissociative chemisorption of water molecules, 
and it is generally considered that hydration happens at exposed lattice 
metal ion site on the surface of the metal oxides since the lattice metal 
ions are strong Lewis acids [30]. 

Fig. 7 shows the surface of the nanofiltration membrane. After in
spection, it was concluded that most of the surface of the membrane is 
defect-free. Small imperfections like bumps and buckles were covered 
during manufacturing (Fig. 7a). Only at the outer walls of the outer 
channels, some defects were detected (Fig. 7b) [26]. 

3. Experimental design 

3.1. Operational program 

A TNU experimental philosophy was designed to evaluate the ion 
rejection and most dominant mechanisms involved when using titania 
membranes to treat oil sands process recycled water. The TNU was 
tested for almost two years in a 24/7 oil sands mine operation. Table 2 
shows the main TNU independent parameters, inputs and outputs during 
the testing program at 50% stage cut. 

Fig. 5. a) TNU Module with 45 membranes. b) Close up of an individual membrane element showing 151 channel [26].  

Table 1 
Titania (TiO2) Membrane Properties.  

TiO2 Membrane Properties Value Reference 

Mean pore size 0.9 nm [26] 
Membrane surface area 1.3 m2/element [26] 
Pure water flux range (at 1 bar) 15–20 l/m2- h [26] 
Cut off molecular weight 450 Da [27] 
Maximum temperature 400 ◦C [27] 
Pressure stability ≥ 60 bar [27]  

Titania layer Zirconia intermediate layer
Titania / zirconia nanofiltration layer

Fig. 6. Membrane SEM image [26].  
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Recycle process water feed properties such as temperature, pH, ions 
and solids concentration were considered independent variables 
because they changed in a daily basis as result of a real-time oil sands 
extraction process, and consequently, no control could be exerted over 
these variables. The TNU system was operated during winter, spring, 
summer, and fall. 

In terms of control variables, the TNU can be tested in either constant 
stage cut (permeate yield) or constant transmembrane pressure (TMP) 
mode. The use of constant stage cut mode means that a predetermined 
stage cut value is introduced as a set point into the system. The system, 
in turn, will use trans membrane pressure to maintain the stage cut set 
point, by eventually rising the TMP as the operation continues. The 
typical ranges for the other control variables shown in Table 2 were a 
cross-flow velocity of 2 m/s, and backflush frequency and duration of 15 
min and 15 sec, respectively. These values were determined after pre
liminary testing of the unit during commissioning and were introduced 
as pre-set values on the settings function of the unit. The chemical 
cleaning frequency was performed either automatically or manually 
when the specific flux reached low pre-set values, which depended 
mostly on the feed water TSS and solids content. Specific Flux, a measure 
of the flux of a fluid through a membrane, was calculated as the ratio 
between flux and TMP. 

The volumetric flows of feed, permeate, and retentate streams were 
measured using electromagnetic flow sensors. The temperature of the 
recycle process to the unit was also measured through a thermocouple 
located on the feed stream. Tracking of pre-set values such as stage cut, 
cross-flow velocity, backwash frequency, duration and pressure was also 
performed during the entire TNU operation. The flow regime in the 
membrane elements was checked by calculating Reynolds number (Re) 
as shown in Eq. (1) [24], where ν is the relative velocity of the recycle 
feed water in the filtration loop, ϕ is the hydraulic diameter of one 

membrane channel, ρ is recycle feed water density that was calculated 
using the weight fractions of bitumen, water and solids present in the 
feed, and the recycle feed water viscosity was calculated using water 
viscosity (μw) and Einstein equation for fluids with <0.02 vol fraction 
(Θ) of solids particles [31]. 

Re =
νϕρ

μw(1 + 2.5Θ)
(3) 

The TMP in crossflow filtration is an average between the pressure on 
permeate and retentate sides. The flux was calculated by the system as 
the ratio between permeate volumetric flow and membrane surface area 
per module (58.5 m2). 

3.2. Recycle water analytical sampling program 

TNU samples of the feed, permeate, and retentate streams were taken 
either weekly or biweekly depending on operational resources. The 
collection of samples was done manually using purge valves located in 
the streams. The sampling program included Dean-Stark and water 
chemistry analyses in all three streams. Dean-Stark analysis (a distilla
tion assay) was used to determine solids, water and bitumen content 
[32]. The solids content was also used to calculate the density of each 
stream and consequently convert volumetric flows to mass flows. Water 
chemistry analysis included determination of pH, major cations, anions, 
as well as other components such as total organic carbon (TOC), total 
suspended solids (TSS), total dissolved solids (TDS), hardness, and silica. 
Testing was performed in a third-party lab. Cations and anions were 
analyzed using ICP (inductively coupled plasma) and ion chromatog
raphy (IC) respectively. Bicarbonate (HCO3

–) was measured by titration. 
TSS was detected using a standard method for the examination of water 
and wastewater that uses a suction filtration apparatus and drying the 
solids at 103–105 ◦C, TDS was measured as the material passing through 
a Whatman 934-AH filter paper and remaining in a crucible after 
evaporation and drying at 180 ◦C, while TOC was measured through a 
high temperature combustion method [33]. Table 3 includes a list of 22 
ions and compounds analyzed during the TNU sampling program. These 
ions and components are analyzed on the recycle process water of this 
oil sands mine to determine potential impact on oil recovery. 

The results obtained from this analytical sampling program were 
used to analyze the performance of the membranes in terms of ion or 
component mass rejection (Eq. (4)). 

Mass rejection = 1 −
ṁpermeate

ṁfeed
*
[ion]permeate

[ion]feed
(4) 

Here, ṁpermeateand ṁfeed are mass flow of permeate and feed respec
tively, and [ion] represents ion or component concentration in either 
permeate or feed. The mass flows of feed and permeate are calculated by 
multiplying the volumetric flow of each stream by its density. The 

Fig. 7. Surface of the Nanofiltration Membrane [26].  

Table 2 
TNU Parameters: Experimental Design.  

Independent Parameters Inputs Outputs 

Recycle process water 
feed: 

Operational mode; 
Constant:  

▪ Volumetric flows of 
feed  

▪ Temperature  ▪ Stage cut 
(permeate 
yield)  

▪ permeate, and 
retentate streams  

▪ pH  ▪ Cross flow 
velocity  

▪ Transmembrane 
pressure (TMP)  

▪ Ions 
concentration  

▪ Backwash 
frequency  

▪ Flux  

▪ Solids 
concentration  

▪ Backwash 
duration  

▪ Specific Flux    

▪ Water Quality    
▪ Chemical cleaning 

frequency  

S. Motta Cabrera et al.                                                                                                                                                                                                                        
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density of the streams is a function of the recycle water temperature and 
the solids content. Although ion rejection is typically used to monitor 
membrane performance, the authors prefer to use mass rejection to 
capture the different fluctuations in recycle water (e.g. temperature, 
density and volumetric flow) resulting from testing the ceramic mem
brane unit in a real 24/7 oil sands mine operation. By using mass 
rejection, the noise generated by these fluctuations is diminished. 

4. Results and discussion 

The TNU was operated throughout the year; therefore, the temper
ature of the recycle process water, feed to the unit, ranged between 6 
and 36 ◦C. pH values varied between 7.7 and 8.4 as part of normal daily 
operations; hence, the recycle process water is generally a mild basic 
solution. As previously mentioned in Section 2.2, pH values below the 
isoelectric point (IEP) of the ceramic membrane lead to have a positive 
charge, and pH values above the IEP initiate a negative charge. As the 
IEP of titania/zirconia is between 5.3 and 6.9 [34], it can be assumed 
that the membranes in the TNU system had a negative surface charge 
during the testing. Although absorbed organic matter may change the 
IEP of the membrane surface, it is considered that the number of ions 
present in the recycle process water might be larger than the organic 
matter, which means that the ions might have a stronger electrical 
charge effect over the membrane. 

While the TNU was operating at a 50% stage cut for approximately 
75 days (around 1,800 h), the system was fed with an average recycle 
process water flow of 7.0 m3/h and a maximum of 9.5 m3/h. During this 
operating mode, the TMP increased gradually over time to maintain the 
stage cut at constant set point. The highest TMP value reached was 13.3 
bar for this dataset. A specific flux reduction over time was observed, 
indicating that some fouling occurred. In this context, fouling is defined 
as the process resulting in loss of specific flux due to the deposition of 
suspended or dissolved substances on the external surface of the mem
brane, in its pore openings, or within its pores [24]. The sub nanometer 
size (0.9 nm) of the pores in the TNU was designed to prevent as much as 
possible intrusion of particulates in the ceramic support. Therefore 
irreversible fouling, resulting from strong chemical or physical sorption 
of particles and solutes in the pores, is mitigated [22]. 

As a quality assurance and control measure, the mass flows of feed, 
permeate, and retentate were back-calculated, using density and 
measured volumetric flows. The objective was to compare calculated vs. 
experimental values and to evaluate the accuracy of the data. The dif
ferences between actual and calculated mass flows for the three streams 
were found to be within 10%. These results show very good data con
sistency of inlet and outlet flows from the TNU system. 

The measured concentration ranges in the recycle feed water for 

cations, anions, and other components such as solids, TOC, TSS, calcium 
carbonate, and silica are presented in Table 4. This database was 
comprised of 28 samples taken in 11 months. The highest content ma
terial present in the recycle process water were found to be solids, fol
lowed by TSS, calcium carbonate, TOC, and total sulphur. Sodium was 
the cation with the highest concentration followed by calcium. Bicar
bonate, sulfate, and chlorine showed the highest concentrations among 
the anions, in that order. Copper, iron, manganese, nitrite, aluminum, 
phosphorus, and phosphate were found in trace quantities. 

Overall, the average standard deviation for the concentration of 
cations and anions in the feed water is 20%. On the other hand, the 
average standard deviation for solids, TSS, TOC, and other components 
is larger than for all the ions (ca. 51%), which is a result of rapid changes 
of these components that can occur within one week of the oil sands 
mining operation. These rapid changes may have a significant impact on 
membrane performance since it could accelerate fouling and quickly 
reduce membrane specific flux. 

A qualitative difference between all TNU streams (feed, retentate, 
and permeate) for a given set of conditions (50% stage cut, TMP: 5.3 bar) 
is shown in Fig. 8. Two permeate samples that come from two of the 
modules in series are also shown. The picture shows a dramatic differ
ence between the recycle process water fed to the TNU and the produced 
permeate streams. 

4.1. Mass rejection of ions, TOC and TSS 

Mass rejection, calculated using Eq. (4), as a function of TMP for two 
cations (Na+, Ca2+), two anions (HCO3

–, SO4
2− ), as well as TOC and TSS 

are shown in Fig. 9a and b. These ions and components were selected as 
an example of the effect of ionic size and charge on rejection since they 
are found in large amounts in the recycle feed water and have different 
charge (positive or negative) and valence (+/- 1 and +/-2). It is 
important to highlight that although calcium is not among the ions 

Table 3 
TNU Lab Analysis.  

Cations Anions Compounds  

▪ Sodium, Na+ ▪ Chlorine, Cl− ▪ Bitumen  
▪ Potassium, K+ ▪ Fluorine, F− ▪ Solids  
▪ Lithium, Li+ ▪ Bromine, Br− ▪ TOC  
▪ Calcium, Ca2+ ▪ Bicarbonate,HCO-

3   ▪ TSS  
▪ Magnesium, 

Mg2+
▪ Sulphate, SO2-

4   ▪ TDS  

▪ Barium, Ba2+ ▪ Nitrite,NO-
2   ▪ Hardness (as 

CaCO3)  
▪ Manganese, 

Mn2+
▪ Nitrate,NO-

3   ▪ Silica (SiO2)  

▪ Copper, Cu2+ ▪ Phosphate,PO3-
4   ▪ Total Silicon, Si  

▪ Iron, Fe2,3+ ▪ Total Sulphur, 
S  

▪ Aluminum, 
Al3+

▪ Phosphorus, 
P3+

▪ Total Boron, B  

Table 4 
Recycle Process Water Components (Feed to TNU).  

Ion/Compound Range (mg/ 
kg) 

Mean (mg/ 
kg) 

Standard deviation (mg/ 
kg) 

Cations 
Lithium, Li+ 0.1–0.2 0.1 0.0 
Sodium, Na+ 220.0–360.0 295.8 32.4 
Potassium, K+ 11.8–18.6 14.8 2.0 
Magnesium, Mg2+ 12.3–16.0 14.1 1.0 
Calcium, Ca2+ 25.1–34.1 29.3 2.6 
Barium, Ba2+ 0.1–0.2 0.2 0.0 
Iron, Fe2+,3+ <0.02 – – 
Manganese, Mn2+ <0.005–0.1 – – 
Copper, Cu2+ <0.01 – – 
Phosphorus, P3+ <0.08 – – 
Aluminum, Al3+ <0.1–3.3 1.7 1.4 
Anions 
Fluorine, F− 1.3–3.3 2.6 17.5 
Bicarbonate,HCO-

3  349.0–509.0 439.0 0.1 
Chlorine, Cl− 103.0–167.0 136.9 1.4 
Bromine, Br− 0.2–0.4 0.3 0.5 
Nitrite,NO-

2  <0.05–1.1 – 25.7 

Sulphate, SO2-
4  163.0–268.0 215.3 11.6 

Nitrate,NO-
3  0.1–2.7 0.9 0.3 

Phosphate,PO3-
4  < 0.2 – 0.5 

Compounds 
Solids 39.2–4,452.3 865.0 1,122.4 
TOC 31.0–134.0 47.2 19.1 
TSS 13.0–305.0 139.8 75.6 
Hardness (as 

CaCO3) 
72.0–151.0 129.1 15.1 

Silica (SiO2) 2.7–20.5 7.1 3.2 
Total Silicon, Si 2.7–9.6 3.4 32.4 
Total Boron, B 1.3–2.4 1.9 0.3 
Total Sulphur, S 61.0–109.0 76.2 30.4  
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found in large quantities, it is one of the most important ions in this mine 
since high concentrations of calcium reduce oil recovery; therefore, 
regular monitoring of this ion is required in the oil extraction process. 
Other oil sands mines, depending on the mining area, could encounter 
oil recovery issues with other ions such as sodium or bicarbonate [35]. 

The data shown in Fig. 9 correspond to results collected in between 
cleanings in place (CIP). From this figure it is seen that the higher the 

TMP, the higher the mass rejection. The relationship between mass 
rejection and TMP was found to be relatively linear at least within the 
TMP range measured. The lines displayed in Fig. 9 does not represent a 
physical model and are shown only to highlight the trends. These lines 
were calculated using a least-squares regression. It is important to note 
that the data in Fig. 9 show some scattering which is mainly attributed to 
fluctuations in the independent variables of the recycle process water, 

Feed Permeate mod. A Permeate mod. B Permeate AB Retentate

Fig. 8. TNU Samples at 50% stage cut and TMP: 5.3 bar.  

Fig. 9. a) Mass rejection of sodium, bicarbonate, calcium, and sulfate ions. b) Mass rejection of TOC and TSS. Both plots show data as a function of TMP at a Stage 
Cut of 50%. Lines must be regarded as a “guide for the eye”. 
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analytical error, or sample contamination. 
Based on the components of the recycle feed water, it is expected that 

TNU membranes could experience three types of fouling over time: 
inorganic, colloidal, and/or organic [22,24,36]. Inorganic fouling or 
scaling is caused by the accumulation of inorganic precipitates like silica 
and calcium carbonate (inorganic salts) on the membrane surface or 
within the pores. Other foulants can be suspended solids, silts, and clay 
which can create colloidal structures that could plug pores. Organic 
fouling might also occur due to the presence of bitumen in the recycle 
feed water. Considering the composition of recycle process water, 
colloidal fouling from inert particles such as silts and clays is expected to 
be predominant on the TNU membranes, although some inorganic and 
organic fouling are at play as well. 

A way to visualize the effect of fouling is through reduction of 
membrane specific flux over time as it is displayed in Fig. S1. For this 
cycle, the specific flux was reduced by 63% over approximately 1,500 
running hours. To remediate this type of fouling, a chemical cleaning in 
place (CIP) was performed in the TNU after approximately two months 
(1500 h) of continuous operation at 50% stage cut resulting in recov
ering the specific flux within 10% of pre-fouling values. In addition, high 
velocities in the re-circulation loop were maintained to reduce fouling in 
the system. The flow regime in the re-circulation loop was found to be 
turbulent (145,000 > Re < 296,000) in the range of temperature of the 

recycle feed water temperature (6–36 ◦C). 
It is important to note that mass rejection of ions and components is 

restored after a cleaning in place (CIP) is performed as shown in Fig. S1. 
It is also considered that both TSS and TOC deposits on the membrane 
could be a major contributor to fouling and hence impact the ion 
rejection performance of the membrane. Fig. S2 shows that there is a 
positive correlation between ion rejection and TOC and TSS rejection. 
The correlation of ion rejection with TSS is not as clear as that of TOC 
since the values of TSS range very close to 100% rejection. Detailed 
characterization of the foulant components and a discussion on its in
fluence on ions rejection will be given in a subsequent manuscript. 

When analyzing the effect of the specific flux reduction over mass 
rejection of ions and components, it is observed in Fig. 10 that the lower 
the specific flux, meaning the more resistance to flow, the higher the 
mass rejection of ions and components. This behavior indicates a po
tential formation of a cake layer or solute–solute attachment on the 
membrane surface that is favouring the rejection of ions and solutes. A 
cake layer is formed when fouling layers are built up on each other [24]. 
The formation of a cake layer (surface layer), pore blocking, and pore 
adsorption are mechanisms that can contribute to irreversible fouling 
[36]. 

To better see potential trends resulting from differences in electrical 
charges and valences, the mass rejections vs. specific flux of all cations 

Fig. 10. a) Mass rejection of sodium, bicarbonate, calcium, and sulfate ions. b) Mass rejection of TOC and TSS. Both plots show data as a function of specific flux at a 
stage cut of 50%. Lines must be regarded as a “guide for the eye”. 

S. Motta Cabrera et al.                                                                                                                                                                                                                        



Separation and Purification Technology 256 (2021) 117821

10

and anions are displayed in Fig. S2. The lines in these figures were also 
found through least-square regression of the experimental data and must 
be regarded as a “guide for the eye”. The trends observed in Fig. S2a 
indicate that divalent cations (Ba2+, Ca2+, Mg2+) are preferentially 
rejected in comparison to monovalent (K+, Na+, Li+). In the case of 
anions (Fig. S2b), sulfate (SO2-

4 ) as divalent anion shows larger mass 
rejections than monovalent anions (Br− , NO-

3, HCO-
3, Fl− , Cl− ). Bromine 

(Br− ) presents a wider mass rejection range (20–67%) in comparison to 
the other monovalent ions. This could be the result of either an 
analytical error or the presence of another rejection mechanism. A few 
other outlier measurements could be distinguished in the plots; for 
instance, chloride mass rejection at a specific flux of 1 l/m2-h-bar (42%, 
Fig. S2b) seems to be outside of the general trend based on the results 
obtained at a lower TMP. 

The highest experimental mass rejection for all cations, anions, and 
components consistently occurred at the condition with the lowest 
specific flux value (1.13 l/m2-h-bar). These experimental mass rejection 
values are listed in Table 5. Note that calcium had the second largest 
rejection (68%), an encouraging result considering the importance of 
this ion in the oil extraction process in this mine. For comparison pur
poses, this table also includes effective diameter values of non-hydrated 
and hydrated ions, organized from small to large hydrated diameter, as 
well as electrical charge and valence. The hydration of an ion depends 
on the electrostatic attraction of water molecules to that ion. This 
attraction depends on the ion’s density of charge. Therefore, smaller 
ions attract more water molecules, resulting in an inverse relationship 
between non-hydrated and hydrated diameters [37]. 

As can be seen, the largest mass rejection of all the components given 
in Table 5 was for TOC and TSS. The high rejection seen for TOC (92%) is 

very encouraging for water usage in the oil sands process. The TOC 
components are mainly coming from the residual bitumen which, if 
unfiltered, can cause environmental issues and fouling in the process. 
The TSS had a rejection of 100%, which was expected considering that 
the pore size of the membranes is 0.9 nm. The high mass rejections of 
TOC and TSS are most likely due to sieving, since it is expected that these 
components have, on average, sizes larger than several nanometers. 
Other components such as calcium carbonate, silica, total silicon, total 
boron, and total sulphur showed a maximum mass rejections of 66%, 
58%, and 70%, respectively. 

In addition to a sieving effect, it is expected that electrostatic forces 
also act as a rejection mechanism for the ions due to differences in va
lences between cations and anions. To better illustrate the effect of 
valence and hydrated ion diameter on mass rejection, the experimental 
mass rejection (at 1.13 l/m2-h-bar) are depicted in Fig. 11 as a function 
of hydrated ion diameters. As can be seen from this figure, for cations 
with valence of +1 and +2, there is a clear decrease in mass rejection 
with an increment of ion diameter, and valences of +2 exhibit higher 
rejection values than +1. 

When analyzing only the cations with a valence of +2 (Mg, Ca, and 
Ba), it can be noticed that magnesium has a hydrated diameter of 0.8 nm 
which is very close to the membrane pore size of 0.9 nm. This similarity 
in sizes could lead to the assumption that magnesium would be the most 
rejected cation if sieving effect was the most dominant rejection mech
anism. However, that was not the case. Magnesium showed a rejection 
of 65%, which was lower in comparison to barium (73%) that has a 
hydrated diameter of 0.5 nm. Similar trends are observed for the cations 
with a valence of +1. These differences indicate that not only a sieving 
effect but also in parallel an electrostatic phenomenon influences the 
cations mass rejection. 

Doing the same analysis among the anions with a valence of − 1, 
bromine presented the largest mass rejection (67%) and fluorine the 
lowest (54%), although bromine has a smaller hydrated ion size (0.30 
nm) than fluorine (0.35 nm). Sulfate, the only anion with a valence of 
− 2 in the Fig. 11 and with a hydrated-ion size of 0.4 nm, showed the 
largest maximum rejection (69%) among all the anions. Hence, a similar 
sieving and electrostatic effects are also observed for the anions. Note 
that chlorine had a rejection of 42% but this value seems to be an outlier 
based on the trends obtained in the studied range of specific flux (see 
Fig. S2). 

One way to look at the effect of an electrostatic phenomenon is 
through charge density as a measure to determine the strength at which 
cations and anions are attracted or rejected by the membrane. In this 
study, charge density is defined as the ratio of valence and the hydrated 
ion radii. It is considered that the hydrated ions should have the same 
electrical charge as the non-hydrated ions by conservation of charge. 
The effect of charge density on mass rejection for both cations and an
ions is illustrated in Fig. 12a and b respectively, where it is observed that 
the higher the ion charge density, the larger the mass rejection. 

For cations, there is a clear trend of higher charge densities yielding 
higher rejections. Monovalent and divalent cations both follow the same 
trend when using charge density values since its valence is included as 
part of the calculation. Note that for cations with the same hydrated ion 
size, as in the case of calcium and lithium (0.6 nm), a higher electrical 
charge enhances the ion rejection. These observations could be origi
nally attributed to an adsorption effect considering that the membrane is 
negatively charged, as discussed before in Section 2.2. Furthermore, it 
could be assumed that the fouling layer also exhibits an electrical 
charge, which enhances ions rejection. 

Similarly, anions rejection is larger with an increment in charge 
density. However, a different phenomenon occurs here, and this in
crease in rejection could be attributed to repulsion forces from the 
negative surface of the membrane or the fouling layer instead. If only 
electrostatic repulsion is considered, the anions would be dominant in 
the retentate, resulting in an imbalance of charge at both sides of the 
membrane. Hence, as the anions are rejected then the cations must be 

Table 5 
Highest Experimental Mass Rejection (Constant stage cut: 50%).  

Ion/Compound Mass 
Rejection (%) 

Hydrated ion 
diameter (nm) [38] 

Non-hydrated ion 
diameter (nm) [38] 

Cations 
Potassium, K+ 63% 0.30 0.16 
Sodium, Na+ 62% 0.45 0.10 
Lithium, Li+ 60% 0.60 0.08 
Barium, Ba2+ 73% 0.50 0.21 
Calcium, Ca2+ 68% 0.60 0.14 
Iron, Fe2+ - * 0.60 0.10 
Manganese, 

Mn2+
- * 0.60 0.10 

Copper, Cu2+ - * 0.60 – 
Magnesium, 

Mg2+
65% 0.80 0.09 

Aluminum, Al3+ - * 0.90 0.08 
Phosphorus, P3+ - * – – 
Anions 
Chlorine, Cl− 42% 0.30 0.19 
Nitrate, NO3

– 63% 0.30 – 
Nitrite, NO-

2  - * 0.30 – 
Bromine, Br− 67% 0.30 0.20 
Fluorine, F− 54% 0.35 0.15 
Bicarbonate, 

HCO-
3  

61% – – 

Sulphate, SO2-
4  69% 0.40 – 

Phosphate, PO3-
4  - * 0.40 – 

Components 
TOC 92% ** ** 
TSS 100% ** ** 
Hardness (as 

CaCO3) 
66% ** ** 

Silica (SiO2) 58% ** ** 
Total Silicon, Si 58% ** ** 
Total Boron, B 58% ** ** 
Total Sulphur, S 70% ** ** 

* Trace quantities in recycle process water Components (Feed to TNU). 
– Data not available in same reference. 
** Non ions. 
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Fig. 11. Experimental mass rejection at 13.3 bar vs. Hydrated Ion diameter.  

Fig. 12. Experimental mass rejection at 13.3 bar vs. Charge Density a) Cations b) Anions.  
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rejected to counteract the potential difference across the membrane in 
order to maintain electroneutrality [29]. 

5. Conclusions 

The first of its kind commercial pilot unit with titania ceramic 
nanofiltration membranes (TNU) has been tested for almost two years in 
a Canadian oil sands mine under actual oil sands recycle process water 
characteristics. No chemical or physical pre-treatment of the recycle 
process water was used during any of the tests. The tests evaluated in 
this work where done at a 50% stage cut or permeate yield. A dramatic 
difference in clarity was observed between the recycle process water fed 
to the TNU and the produced permeate streams. Results also showed a 
reduction of specific flux over time which can be interpreted as fouling. 
A potential formation of a cake layer or solute–solute attachment on the 
membrane surface seems to favour the rejection of ions and solutes. 
Results show that the lower the specific flux, the higher the mass 
rejection of ions and components. 

Total Suspended Solids (TSS) were rejected almost 100% and Total 
Organic Carbon (TOC) rejection was above 75% at all conditions. The 
high mass rejections of TOC and TSS are most likely due to sieving, since 
it is expected that these components have, on average, sizes larger than 
the membrane pore size (>0.9 nm). This is a very encouraging result in 
terms of water usage in the oil sands mining process since most of the 
organic components are coming from residual bitumen (high molar mass 
viscous petroleum fluid). 

The titania membrane showed a preference for rejecting ions with 
high charge density, both cations and anions. Since the membrane is 
negatively charged, based on pH and IEP, it is possible to infer that 
cations are rejected at high density charges due to adsorption to the 
membrane. For anions, it is observed that the higher the charge density, 
the higher the rejection. This might be explained by electrical repulsion 
since the membrane has the same charge. The distribution of cations and 
anions is expected to maintain electroneutrality in the system. Results 
indicated that both ionic size differences and electrostatic interactions 
influenced the rejection of ions and components. 

Overall, it was found that it is possible to implement ceramic nano
filtration membranes in the oil sands mines and obtain significant water 
quality improvements. It is considered that the permeate stream from 
the ceramic nanofiltration unit could be used as a feed to the existing 
conventional reverse osmosis system in the oil sands mine for further 
polishing. This will reduce the river water intake, meaning that oil sands 
operators would be storing less process water in the tailings ponds. 
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