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A B S T R A C T   

An industrial ceramic nanofiltration membrane (pore size 0.9 nm) was tested in a Canadian oil field for more 
than 12,500 h to treat wastewater directly from daily operations, without any type of pre-treatment. This 
wastewater contained a high content of total suspended solids (13 to 510 mg/kg), and total organic carbon (31 to 
134 mg/kg). The membrane unit was operated at different transmembrane pressure (TMP) set points (4–16 bar) 
and recovery set points (40–80%). The data show that ion and compound rejection depend strongly on a 
combination of both TMP and recovery, with the largest rejection occurring at low recovery values and high TMP 
values. Two mechanisms were responsible for rejection: sieving, which mostly impacted compound rejection, 
and electrostatic phenomena that impacted ion rejection. It is shown that ion rejection depends linearly on 
charge density of the ion. Ion rejection was measured as high as 85% and compounds (such as TSS) were rejected 
as high as 100%. The specific flux varied between 1–10 L/(m2.h.bar). Results from this field testing indicate the 
possibility of using these types of ceramic membranes for oil field wastewater treatment.   

1. Introduction 

Globally, more than 300 billion cubic meters of water are withdrawn 
in the use of the energy sector (Adham et al., 2018). Most of the water 
used in the oil and gas sector is treated and recirculated by different 
means, both chemically and mechanically. The water quality to be 
treated varies greatly by geography and type of reservoir, but in general 
the water will contain cations (ranging from sodium to calcium, mag-
nesium, and barium), anions (including sulfates, chlorides, and bicar-
bonate), and traces of oil, sand, and clay (Padaki et al., 2015). Oil and 
solids are typically characterized as total organic carbon (TOC) (Mor-
gan, 2018) and total suspended solids (TSS) respectively, whereas the 
ions are combined as total dissolved solids (TDS) (Basha et al., 2008). 

Typical water treatment technologies in the oil and gas industry 
include the use of chemical additives such as clarifiers, demulsifiers, and 
softeners, and the use of microfiltration (MF), ultrafiltration (UF), and 
reverse osmosis (RO) membranes (Adham et al., 2018; AWWA, 1996). 
Lately, the use of nanofiltration (NF) membranes has been more prom-
inent, especially in desalination and sulphate removal units, and 

multi-valent ion removal (Adham et al., 2018). NF membranes can be 
defined as those membranes with a pore diameter below 2 nm, molec-
ular weight cut offs (MWCO) for neutral species in the range of 
150–2000 Da, and, in general, constituting separation performances 
between ultra filtration (UF) and reverse osmosis (RO) (Biron et al., 
2018). NF membranes typically reject divalent cations more than 
monovalent cations, but overall can reject a significant amount of the 
ions present in these waters, in addition to the bigger chemical struc-
tures of oil, sand and clay (Hemati et al., 2010; Deriszadeh Ali and 
Thomas, 2010; Mueller et al., 2008; Duraisamy et al., 2013; Ashaghi 
et al., 2008). Moreover, they can do so with a much lower pressure 
rating than reverse osmosis and hence constitute a lower energy con-
sumption solution to ion separation, whenever the separation perfor-
mance is acceptable. NF membranes are sometimes referred to “leaky 
RO” because some monovalent ions pass through the membrane as 
opposed to RO membranes. In oil and gas applications this “leaky” 
performance may be acceptable for most applications (Peng et al., 
2004). 

NF membranes have an active layer which is where most of the 
separation occurs. Typically, these layers contain ionizable groups that 
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charge the membrane surface, allowing for an extra mechanism for 
separation (Biron et al., 2018). The materials used to manufacture NF 
membranes can be polymeric (in which the active surface may be 
comprised of carboxylic or sulfonic acid groups) or ceramic (in which 
the active surface is comprised of metal oxides such as titania and zir-
conia). Polymeric membranes have the advantage of being very inex-
pensive, sturdy to cracking, and easy to manufacture (Padaki et al., 
2015), while ceramic membranes are more resistant to abrasion, 
chemical stress, thermal aging, and fouling (Lobo et al., 2006; Sade-
ghian et al., 2010). Furthermore, ceramic membranes are easier to 
maintain, have longer life spans, and do not swell or compact during 
operation (Amin and Abdallah, 2016; Tarabara et al., 2010). NF ceramic 
membranes also have a narrower and better-defined pore structure as 
compared to polymeric membranes (Padaki et al., 2015). These char-
acteristics make ceramic membranes better performers than polymeric 
membranes in systems that contain oil contaminants (Hemati et al., 
2010; Ashaghi et al., 2008). 

Even with these potential advantages for ceramic membranes, the 
low costs of polymeric membranes continue to make them popular for 
many academic research efforts. Although polymeric NF membranes 
have been introduced since the 1970s, it was only after the late 1980s 
that they started to being used more frequently for oil and gas applica-
tions (Biron et al., 2018). In particular, polymeric NF membranes are not 
widely used (water filtration is mostly dominated by UF and RO com-
binations) but they have been used to treat wastewater from oil fields in 
various benchtop experiments, where hardness (Calcium and Magne-
sium) and naphthenic acids have been removed by more than 95% 
(Peng et al., 2004), and TOC, TDS, and divalent ions have been rejected 
by more than 98% (Farrukh, 2018). 

The use of ceramic membranes has been introduced later than 
polymeric membranes, mainly to separate non-aqueous solvents. Lately, 
however, ceramic membranes were also used in some studies of oil and 
gas wastewaters as they become more economic over time (Padaki et al., 
2015). NF membranes, with pore sizes between 1.8–2.5 nm, were used 
with synthetic oil field water to demonstrate a very high rejection of oil 
content by up to 99%. These series of experiments were executed with 
trans-membrane pressure (TMP) ranging from 0.5 to 2 bar, and cross-
flow velocity (CFV) from 0.6 to 1.3 m/s. The obtained specific fluxes 
ranged from 3.4 to 3300 L/(m2.h.bar) (Ebrahimi et al., 2009, 2010). A 
reduction of more than 95% of organic content in oil field wastewater 
was obtained in another series of experiments on laboratory scale using 
ceramic NF membrane with selective layers made of titania, alumina, or 
zirconia and pore sizes between 3–5 nm, at 85 ◦C and TMP of 5 bar 
(Yang et al., 2022). Ceramic NF membranes have also shown more 
selectivity for polar components than to non-polar components in 
wastewater streams; as an example, those components in oil wastewater 
considered polar (organic acids) were shown to have lower rejection 

than non-polar compounds (e.g., aromatics, paraffins) in a series of ex-
periments (Yang et al., 2022). In addition, it has been proven that 
increasing the size of flocs in wastewater by using coagulants leads to an 
increase in rejection of ions for both polymeric and ceramic NF mem-
branes (Loganathan et al., 2015). For example, NaCl rejection was 
increased from 69% to 82% in a series of experiments by the use of 
coagulants while overall fouling was decreased (Kim et al., 2011). 

NF membranes provide strong performance on the removal of TOC 
and TDS from oil and gas operations wastewater. Moreover, the ad-
vantages of ceramic over polymeric materials, mostly its duration and 
thermal and abrasion resistance, has led the authors to develop and 
study a novel commercial-scale unit with titania membranes. Contrary 
to previous work, this titania nanofiltration unit (TNU) was tested 
directly into an oil and gas application area, not in a laboratory envi-
ronment (Motta Cabrera et al., 2021). The unit was tested using 
wastewater from an oil field in Canada containing a high content of ions, 
solids, and heavy oil (Viscosity:100,000 to 1,000,000 cP) (Khan et al., 
1984). This wastewater, continuously fed to the TNU, presented varia-
tions in seasonal temperature, water quality, and other contaminants 
resulting from a 24/7 oil production. The authors will explore and 
present in this work the effects of TMP, recovery, temperature, and feed 
composition to the overall rejection of ions, oil, and solids content to 
demonstrate the viability of implementing ceramic NF technology in a 
field environment and select them most appropriate conditions to ach-
ieve maximum rejection. 

2. Equipment and system description 

2.1. Commercial titania nanofiltration unit (TNU) 

The titania nanofiltration unit (TNU) is a fully automated membrane 
filtration unit, containing four modules in series (Fig. 1). Each of the 
TNU membrane modules contains 45 membrane tubes (Fig. 2), while 
each membrane tube has 151 channels or “inner tubes” where the 
wastewater enters the membrane unit (Puhlfürß et al., 2000). A more 
in-depth description of the unit can be found in previous work (Motta 
Cabrera et al., 2021). 

The TNU is connected to a wastewater source in a Canadian oil mine 
field as shown in Fig. 3. The wastewater from this oil production field is 
partially stored in a pond and then fed to the TNU by a pump, without 
any type of pre-treatment. This feed is recycled internally in the TNU 
through an internal “recycle” loop to increase crossflow velocity and 
control fouling. Feed water from the loop enters the inner tubes of the 
membrane with clean water being produced axially towards the outer 
layer of the membrane (permeate). The retentate (or concentrate) is 
produced at the end of the inner tube and enters the loop. In addition, 
there is a bleed retentate line (the purple line in Fig. 3). Each of the 
streams in the unit is equipped with a sampling point (as seen in Fig. 3), 
flowmeters, and pressure gauges. All measured values, such as temper-
ature, pressure, and volumetric flow, are recorded every 30 min. 

The TNU can also run in two different operational modes: “stage cut 
constant” mode, where the TNU maintains a constant recovery by 
adjusting the TMP, and “TMP constant” mode, where the TMP is 
maintained by adjusting the recovery. At the point where either 
parameter cannot be maintained constant, the unit is stopped for an 
automatic chemical cleaning with caustic soda and citric acid. Table 1 
shows the main design specifications and available ranges that can be 
introduced as settings in the TNU system. 

2.2. Ceramic membranes 

The main properties of the membrane according to supplier, Rau-
schert (Inopor®, Germany), are shown in Table 2. Each membrane is 
comprised of three layers and applied on a macroporous alumina sup-
port. This configuration is shown in the membrane SEM image (Fig. 2). 
The first layer is made of titania with a pore size of 5 nm, followed by a 

Nomenclature 

CFV cross flow velocity- 
CIP cleaning in place- 
ΔR change in mass rejection- 
ΔY change in recovery- 
IEP isoelectric point- 
MY model recovery- 
Ro recovery coefficient- 
Y recovery- 
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  
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zirconia intermediate layer with a pore size of 3 nm, and ending in the 
main titania/zirconia separation layer with a pore size of 0.9 nm (Voigt 
et al., 2019). The total thickness of the latter two layers is 100 nm. 

3. Experimental design 

3.1. Operational program 

In constant recovery mode, the TNU will modify the TMP to obtain 
the set point. As the membrane fouls over time and its specific flux de-
creases, the system increases the TMP to reach the desired recovery. 
When the TNU is not able to maintain the recovery, then the unit is 
stopped for an automatic chemical cleaning. After cleaning, the specific 
flux (L/h.m2.bar) of the membrane is recovered fully, as demonstrated in 
previous work (Motta Cabrera et al., 2021). Conversely, at TMP constant 
mode, the TNU will utilize a variable recovery to reach the set TMP 
value. As the membrane looses specific flux due to fouling, the recovery 
is decreased until the TMP is reached or until a minimum value of 

specific flux is reached, around 1 L/(m2.h.bar). At this point, the system 
is chemically cleaned. 

In previous work (Motta Cabrera et al., 2021), the TNU was operated 
at a constant recovery of 50% to eliminate this variable from the analysis 
and focus on the effect of TMP and specific flux on the ion rejection. In 
the work shown in this paper, the recovery has been varied between 40 
and 80% to include its effect on rejection. The constant TMP mode was 
also used at a wider pressure range (4 to 16 bar). The specific fluxes 
obtained during the trial ranged from 1 to 10 L/(m2.h.bar). During the 
tests of the membrane unit, wastewater temperature, pH, and compo-
sition of feed water changed over time and could not be controlled, 
although they were measured. Hence, the effect of these variables to 
rejection could be studied. Of these variables, the one that presented 
most variability was the feed temperature, as the trial was run with no 
temperature control for more than 12,500 h, running through the sea-
sons in the Canadian subarctic. Wastewater temperature fluctuated be-
tween 4 and 50 ◦C, and pH varied between 7.7 and 8.4. The variability in 
temperature, pH, TSS, TOC, and TDS are shown in Table 3. 

Fig. 1. Titania nanofiltration unit (TNU) (a) Actual unit (b) layout.  
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Electromagnetic flow sensors were used to measure the volumetric 
flow rates of feed, permeate, and retentate in the TNU, whereas the inlet 
and outlet line temperatures were measured with thermocouples. The 
TNU calculates the TMP as the average pressure difference between the 
permeate and retentate side using diaphragm pressure gauges. The 

specific flux was calculated using the TMP, the permeate volumetric 
rate, and the membrane surface area per module. 

3.2. Analytical sampling program 

The composition of the permeate, feed, and retentate, were obtained 
through sampling. During the trial, about 200 samples of permeate, 
feed, and retentate were collected and analyzed from sampling points 

Fig. 2. TNU membrane housing, tubular membrane, and membrane SEM image.  

Fig. 3. TNU process flow diagram.  

Table 1 
Available ranges of the titania nanofiltration unit.  

TNU System Available ranges 

Permeate flow capacity 0–20 m3/h 
Maximum pressure in filtration/recycle loop 35 bar 
Maximum pressure in supply/drainage and connection lines 10 bar 
Temperature in filtration loop 0–93 ◦C 
Temperature in Cleaning in Place (CIP) tanks 0–65 ◦C 
Cross flow in filtration loop 0–300 m3/h 
Stage cut or recovery (permeate/feed) 0–100% 
Backflush interval (time between 2 backwashes) 0–9999 min 
Backflush duration 0–999 s 
NaOH solution concentration 1 w/w% 
Citric acid solution concentration  1 w/w%  

Table 2 
Titania (TiO2) membrane properties.  

TiO2 membrane properties Value 

Mean pore size of separation layer 0.9 nm 
Membrane surface area 1.3 m2/element 
Pure water flux range (at 1 bar) 15–20 L / (m2.h) 
Cut off molecular weight 450 Da 
Maximum temperature 400 ◦C 
Total area (membrane module) 58.5 m2 

Membrane length 1.2 m 
Pressure stability ≥ 60 bar  
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shown in Fig. 3. The samples were obtained using purging valves. These 
samples were then analyzed by a third-party lab to measure solids and 
oil content (via Dean-Stark distillation assay (ACOSA, 1984) as well as 
ion composition, TOC, TSS, and TDS. Table 4 lists all the 18 ions and 10 
compounds detected. Inductive coupled plasma was used to detect cat-
ions, ion chromatography was used for the anions, and titration was 
used to evaluate bicarbonate content. The TSS was measured by suction 
filtration and drying at 105 ◦C, whereas the TDS was measured by 
filtration with a Whatman 934-AH filter and drying at 180 ◦C. Finally, 
the TOC was measured through high temperature combustion (Rice 
et al., 2017). 

3.3. Data evaluation methodology 

The results obtained from this analytical sampling program were 
used to analyze the performance of the membranes. The apparent 
rejection coefficient (Ro), calculated as RO = 1 – [ion]permeate/ [ion]bulk, 
where [ion] is the concentration of a particular ion in the permeate or 
the feed (or bulk), is often used to evaluate ion rejection in a membrane 
(Wang et al., 2012). In this work, however, a mass balance approach is 
taken where the evaluation of the membrane performance is simply 
described as how much of an ion is rejected as a ratio of how much of 
that ion is in the feed. This ion mass rejection (Rm) is defined by Eq. (1). 
This definition provides a more straightforward representation of 
membrane ion rejection for industrial purposes. For example, a mass 
rejection of 60% implies that 60% of the mass of an ion is retained by the 
membrane and rejected in the retentate. 

Rm = Mass rejection =
mass of ion in retentate

mass of ion in feed
=

ṁretentate x [ion]retentate
ṁfeed x [ion]feed

= 1 −
ṁpermeate

ṁfeed
x
[ion]permeate

[ion]feed

(1) 

Here, ṁ is the mass flow of a stream, and [ion] represents ion or 

compound concentration in the stream. The mass flows in Eq. (1) were 
calculated using the volumetric flow values measured by the TNU and 
the density of the stream. This density is calculated using the density of 
water at the measured temperature and the solids content, assuming 
regular solution mixing rules (Reid et al., 1977). 

It is important to mention that the observed trend of the mass 
rejection values versus TMP and recovery are the same as those of the 
apparent ion rejection coefficient (Ro). In other words, as will be dis-
cussed in Section 4.1, if the mass rejection of an ion increases with TMP, 
the rejection coefficient also increases with TMP. As an example, Fig. 4a 
and b show respectively the mass rejection (Rm) and apparent rejection 
coefficient (Ro) of one of the ions studied in this work (Ca2+) as a 
function of TMP at constant recoveries of 45–50% and 60–65%. As can 
be seen, both behaviors are linear, and the slope is positive. 

Another aspect that can be seen in Fig. 4 is that the scatter in mass 
rejection is lower than that of the apparent rejection coefficient. As 
mentioned in previous work (Motta Cabrera et al., 2021), the use of mass 
rejection helps to minimize the noise present in the data. This noise 
could be caused by a variety of reasons, including perturbations on feed 
mass flow, temperature, and composition, which are common and un-
avoidable in a 24/7 oil operation. 

It is important to note that the experimental values used in this work 
are in pseudo-steady state. Fig. 5 shows a schematic of a change in TMP 

Table 3 
Variability of TSS, TOC and TDS in wastewater feed.  

Process Condition and Compound Feed range Mean Standard Deviation 

pH 7.7–8.4 8.07 0.1 
Temperature (◦C) 4.2–49.5 15.01 8.1 
TSS (mg/kg) 13–510 188 100 
TOC (mg/kg) 31–134 51 16 
TDS (mg/kg) 695–1350 977 129  

Table 4 
Wastewater ions and compounds.   

Cations Anions 

Monovalent  ■ Potassium, K+

■ Lithium, Li+
■ Chlorine, Cl−

■ Fluorine, F−

■ Bromine, Br−

■ Bicarbonate, HCO−
3  

■ Nitrite, NO−
2  

■ Nitrate, NO−
3 

Divalent  ■ Calcium, Ca2+

■ Magnesium, Mg2+

■ Barium, Ba2+

■ Manganese, Mn2+

■ Copper, Cu2+

■ Iron, Fe2+

■ Sulphate, SO2−
4 

Trivalent  ■ Aluminum, Al3+

■ Phosphorus, P3+
■ Phosphate, PO3−

4 

Compounds  
■ Bitumen  
■ Solids  
■ TOC  
■ TSS  
■ TDS  

■ Hardness (as CaCO3)  
■ Silica (SiO2)  
■ Total Silicon, Si  
■ Total Sulphur, S  
■ Total Boron, B  

Fig. 4. (a) Apparent rejection coefficient (Ro) and (b) mass rejection (Rm) of 
Ca2+ at different recoveries (Y). Lines must be regarded as a “guide for the eye”. 
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for the TNU and when the samples are taken. Prior to changing a value of 
TMP in the TNU, a sample is taken and deemed representative of the first 
steady state. As explained earlier, when the TMP is changed, the TNU 
responds by changing the recovery until the set TMP is achieved. The 
second sample is taken when the TMP is steady and deemed represen-
tative of the second steady state, etc. Each state is not a true steady state 
because (1) the TNU is constantly being perturbed by external factors 
such as temperature, flow rate and feed conditions since it is a live oil 
extraction operation and (2) the TNU is constantly adjusting the re-
covery in this case since the TMP is not only changing due to a change in 
the set point but also because of fouling, as will be discussed in Section 
4.1. Hence, the values taken from the samples are considered at pseudo- 
steady state. 

Although the experimental program executed with the TNU includes 
the measurement of transient values, the transient analysis of the 
membrane is outside of the scope of this work. Finally, the viscosity of 
the wastewater fed to the unit was considered to assess its effect on ion 
and compounds rejection. The viscosity was calculated as a function of 
temperature based on the water viscosity, utilizing the Vogel-Fulcher- 
Tamman semi-empirical equation, and the Einstein equation to adjust 
for the solid content in the water, since its concentration is less than 10% 
(Reid et al., 1977). 

4. Results and discussion 

4.1. Effect of TMP and recovery on membrane specific flux 

Preliminary results from the tests with the TNU showed a correlation 
between ion rejection and transmembrane pressure (TMP) (positive 
relation) and membrane specific flux (L/(m2.h.bar) (negative relation), 
at a constant recovery value of 50%. The relationship between these 
variables indicated the formation of a cake layer or solute-solute 
attachment to the membrane that was favoring ions rejection. (Motta 
Cabrera et al., 2021). Fig. 6a shows the specific flux as a function of TMP 
(4–16 bar) for all data collected, which includes a broad range of re-
coveries (35–80%). As can be seen there is a correlation between these 
two variables where the higher the TMP, the lower the specific flux. This 
indicates, as shown in previous work, that the formation of a cake layer 
is likely occurring at all conditions. Interestingly, the specific flux of the 
membrane does not have a notable correlation with recovery, as seen in 
Fig. 6b. Although it may be expected that an increase in recovery may 
lead to lower specific flux, it seems that changes in recovery are not 
associated with changes in the specific flux of the membrane, and 
therefore with changes of the thickness of the charged cake layer at 
pseudo-steady state. However, an increase in recovery most likely 
changes the rate at which the specific flux of the membrane is reduced. 
This transient behavior of the membrane is out of the scope of this paper 

and will be covered in a future manuscript as part of these series of 
papers describing the performance of the TNU membranes. 

4.2. Effect of recovery on ion and compound rejection 

To explore the effect of recovery on ion mass rejection, data were 
collected when the TNU was operated at “constant TMP mode”. As an 
example, a divalent cation (Calcium, Ca2+) and a divalent anion (Sul-
fate, SO2−

4 ) were chosen for this analysis. Fig. 7 shows the ion mass 
rejection of calcium and sulfate for different TMP set points, as a func-
tion of recovery. 

As can be seen, there is a linear correlation between ion mass 
rejection and recovery, regardless of the nature of the ion. Moreover, 
there is no significant variation between the results in the TMP range of 
4 to 16 bar. Consequently, a single linear correlation covers the data well 
across these TMPs. The behavior shown in Fig. 7 could be related to an 
increase in ions concentration at the surface of the membrane as the 
recovery is increased at a constant pressure (Singh, 2006) as long as the 
crossflow velocity is maintained constant (in these experiments, the 
crossflow was maintained at 2.0 m/s). With an increment in recovery, 
more ions are drawn towards the wall of the membrane and hence the 
ion concentration at the membrane wall increases. This represents a gain 
in ion flux due to diffusion across the membrane and hence a reduction 
in rejection is expected (i.e., more ions pass to the permeate). Proof of 
this phenomenon could be explored by modeling the membrane 
behavior which is beyond the scope of this paper. 

The linear correlation shown in Fig. 7 for calcium and sulfate ions 
extend across all ions tested, with the slopes listed in Table 5. The values 
of the slope are remarkably consistent across monovalent and divalent 
ions with some exceptions for iron, manganese, aluminum, nitrite, ni-
trate, and bromine. Monovalent ions of both cations and anions have 
slopes between 0.90 and 0.96, whereas the slope of divalent ions range 
between 0.73 and 0.78. This means that the mass rejection of mono-
valent ions is more susceptible to changes in recovery than divalent ions. 

Fig. 5. Schematic of a TMP set point change vs. time and when water samples 
were taken. 

Fig. 6. Specific Flux as function of (a) TMP (b)% recovery.  

S.M. Cabrera et al.                                                                                                                                                                                                                             



Water Research 220 (2022) 118593

7

As will be discussed in Section 4.4, it is expected that ions with a larger 
charge density (such as divalent ions in this case) will be rejected more 
than monovalent ions under the same circumstances. Hence, the effect 
of changes in recovery to mass rejection may be less pronounced in 
higher charge density ions, which is in accordance with the differences 
in slopes seen in Table 5. This simple evaluation of the mass rejection of 
ions as a function of recovery helps to elucidate important differences 
between ions with different charge densities. 

One aspect seen in Fig. 7 is that the behavior is unlikely to be linear 
where the recovery is close to 100% (Eq. (1)). Based on Eq. (1), it is 
expected that the data must obey two points in the plot: at recovery =
0%, the mass rejection is 100% and at a recovery = 100% the mass 
rejection is 0%. These are two evident physical states, at each extreme of 
operation where there is no flow either in the permeate or the retentate 
(i.e., a dead-end filtration). At one extreme, when there is no flow to the 
permeate then the mass rejection is complete (since the permeate would 
not have ion mass); at the other extreme, when the flow of the permeate 
equals that of the feed, the reject would contain no ion mass and hence 
there would be no mass rejection. Most of the intercepts listed in Table 5 
(representing the rejection at recovery = 0%) are very close to 100%, 
with small variations likely related to perturbations in the data. This is 
consistent with Eq. (1). However, the extrapolation of these values to-
wards a recovery = 100% often goes beyond the 0% mass rejection. To 
illustrate this point, Fig. 7 also shows an extrapolation to these two 
extremes. The extrapolation does not represent any model, it is shown as 
a “guide to the eye”. As can be seen, the linear behavior must become 
non-linear near 100% recovery to fit the definition of mass rejection in 
Eq. (1). In fact, this behavior is typically seen in NF and RO types of 
membranes (Singh, 2006). Unfortunately, these regions were not eval-
uated during the trial and remain speculative. 

Fig. 8 shows the mass rejection as a function of the recovery for TOC 
and TSS as examples of compounds that are expected to be rejected 
mainly on its size (i.e., sieving effect). As can be seen, the linear corre-
lation in this case is weaker with a much larger scatter than in the case of 
the ions as shown in Fig. 7. The hypothesized behavior of an increase in 
solute concentration at the wall of the membrane as the recovery in-
creases, hence increasing ion diffusion, is not as evident with the com-
ponents. There is some correlation with TOC as some of the smaller 
organic components may indeed diffuse through the membrane. For 
TSS, the sieving effect is more apparent as the mass rejection remains 
very high at all values of recovery. 

4.3. Effect of TMP on Ion and compound mass rejection 

To elucidate the relationship between recovery and ion mass rejec-
tion at all TMP values measured, the complete set of sampled data ob-
tained in the TNU testing (TNU run at constant recovery and TMP 
constant mode) were analyzed. As discussed in Section 4.1, previous 
work demonstrated a strong linear dependency of ion mass rejection on 
TMP at a constant recovery = 50% that was linked to a reduction in 
specific flux and the formation of a cake layer (Motta Cabrera et al., 
2021). Based on the correlations found in Fig. 7, it would be expected 
that the linear dependency between ion mass rejection and TMP at other 
values of rejection would run parallel to the correlation at a rejection of 
50%. To develop this parallel line, the change in the ion mass rejection 
(ΔRm) is calculated as the change in the recovery (ΔY) multiplied by the 
slope listed in Table 5. The new ion mass rejection (Rm [YNEW]) is 
calculated as shown in Eq. (2): 

Rm[YNEW] = Rm[Y50%] + mRm− Yx(YNEW − − Y50%) (2) 

For example, at a recovery Y = 47.5% and a TMP of 4 bar, the 
measured rejection of Ca2+ is 58%. To calculate the rejection at a re-
covery Y = 57.5%, the change in recovery (ΔY = 10%) is multiplied by 
the slope listed in Table 5 (-0.77%) to obtain a change in rejection of 
ΔRm = -8%. Hence, the new rejection of Ca2+ is 50% at 4 bar and a 
recovery Y = 57.5%. 

Fig. 7. Mass rejection as function of recovery at different TMP set points with 
extrapolation (a) Calcium (b) Sulfate. 

Table 5 
Linear slopes of correlations between recovery and ion mass rejection.  

Ion Slope % Mass Rejection ÷ % 
Recovery 

Intercept % Mass 
Rejection 

Cations   
Potassium, K+ -0.91 101.61 
Sodium, Na+ -0.92 101.66 
Lithium, Li+ -0.93 101.17 
Barium, Ba2+ -0.73 94.69 
Calcium, Ca2+ -0.77 96.73 
Iron, Fe2+ -0.17 103.21 
Manganese, 

Mn2+
-1.77 153.25 

Magnesium, 
Mg2+

-0.78 95.47 

Aluminum, Al3+ -0.03 98.01 
Anions   
Chlorine, Cl− -0.96 99.78 
Nitrate, NO3

− -1.12 105.40 
Nitrite, NO−

2 -1.16 120.33 
Bromine, Br− -0.45 70.81 
Fluorine, F− -0.90 96.26 
Sulphate, SO2−

4 -0.78 98.54  
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Fig. 9 shows ion mass rejection as a function of TMP for the same ions 
shown in Fig. 7 (Ca2+ and SO2−

4 ) at various ranges of recovery values. In 
addition, the figure shows trends developed using Eq. 2 and the mid 
point value of the experimental ranges of recovery. For example, the 
black dots represent experimental data for recovery values ranging from 
55.1 to 60% and the model recovery (MY) is calculated at the mid point 
(57.5%, black line). As can be seen, even with the basic model shown in 
Eq. (2), the calculated values follow the experimental data trends. 

The data shown in Fig. 9 confirms that a linear correlation between 
mass rejection and TMP is held at all recovery values (within the 
experimental range of 40–80%). It is likely that this behavior is due to a 
reduction in specific flux at all recovery set points at any given TMP. 
Meaning, that a cake layer is formed in a similar manner regardless of 
the recovery or the TMP. 

Fig. 10 shows mass rejection as a function of TMP at various re-
coveries for two types of compounds, TOC and TSS. Included are the 
trends calculated using Eq. (2). As discussed in Section 4.2, the corre-
lation between TOC and TSS mass rejection and recovery is not as strong 
as with ions. In general, the predictions of the recovery trends for TOC 
follow the same pattern as the experimental data but have significant 
scatter. Mass rejection for TSS do not follow the experimental data 
trends, reflecting the lack of correlation, seen in Fig. 8b. 

4.4. Effect of charge density on Ion rejection 

The metal oxide (titania/zirconia) at the membrane surface can help 
dissociate water via chemisorption into M-OH2+ or M-O− , (M stands for 
a metal oxide), essentially acting as a base or an acid, depending on the 
pH. The point at which this transition occurs is called the isoelectric 
point of the membrane (IEP) (Gun’Ko et al., 1999; Liang, 2018; Tamura 
et al., 2001). Whenever the membrane is exposed to water with a pH 
lower than the IEP, the membrane is charged positively by the formation 
of the M-OH2+ bond at the surface of the metal oxide, while the M-O- 
bond will be formed at pH higher than the IEP, charging the membrane 
negatively. 

As the pH of the wastewater fed to the TNU ranged between 7.7 and 
8.4, and with the titania/zirconia membrane surface having an iso-
electric point (IEP) between 6.5 and 7.0, it is expected that the mem-
brane is negatively charged at all conditions presented here. As such, 
negatively charged ions are expected to be rejected due to repulsion 
forces from the charged membrane or the charged cake layer. However, 
if only electrostatic repulsion is considered, the anions would be domi-
nant 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 rejected to counteract the potential difference across the membrane 
in order to maintain electroneutrality (Liang, 2018). 

To have a better understanding of how the electrical charge of the 

Fig. 8. Mass rejection as function of recovery at different TMP set points (a) 
TOC (b) TSS. Fig. 9. Mass rejection as function of TMP at different recoveries (Y) (real data 

vs. model) (a) Calcium (b) Sulphate. 
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ions impact their rejection, Fig. 11 shows the ion mass rejection of 
selected cations and anions as a function of their charge density, 
calculated as the ratio of the valence and the hydrated radii of the ion. In 
previous work (Motta Cabrera et al., 2021) it was shown that, at a 
constant TMP of 13 bar and recovery of 50%, cations and anions were 
rejected linearly with their charge density, with those with the highest 
charge density being rejected the most. These 50% recovery data are 
shown in Fig. 11 together with more data at different recovery values 
and TMP values. The linear relationship found in earlier work is main-
tained at different TMP and recovery values. The ions with the largest 
charge density are rejected the most for both, cations, and anions. This 
further is evidence of electrostatic phenomena impacting the rejection of 
these ions. The changes in rejection seen in Fig. 11 would not be 
significantly influenced by the change in ion size since the hydrated 
diameter is smaller than the membrane pore diameter, as shown in Table 
S1. Or, in other words, if the membrane was not charged, the rejection of 
this ions would have been much smaller from the point of view of sieving 
effect only. 

Fig. 11 also shows the mass rejection of ions at different selected TMP 
and recovery conditions. As discussed earlier, TMP and recovery play an 
important role. This can be seen in the figure as the mass rejections 
change with a change in TMP or recovery. However, it may be inferred 
that there is little apparent effect of the TMP and recovery on the elec-
trostatic phenomena since the changes in mass rejection remain similar 
at all conditions. In other words, the slope of the lines in Fig. 9 are very 

similar, with the difference between the lowest and largest rejection 
being about 10% points at all conditions and for both types of ions. 

4.5. Effect of temperature on Ion mass rejection 

The effect of the seasonal temperature variations was evaluated 
through the viscosity of the wastewater feed to the TNU. It may be 
argued that an increase in temperature and hence a reduction in vis-
cosity would have increased the water flux and hence the rejection 
(Singh, 2006). However, as seen Fig. 12, there is negligible correlation 
between the viscosity and specific flux of the membrane treating the 
wastewater of this oil field. Other factors discussed before, such as the 
variables TMP, and recovery, and electrostatic and sieving phenomena 
seem to have much more influence in the ion mass rejection than 
temperature. 

4.6. Overall behaviour of Ion mass rejection 

Previous sections in this work discussed the effects of TMP and re-
covery and showed evidence of electrostatic phenomena for one cation 
and anion. The intent of this section is to provide a holistic view of how 
the rejection behaves with these variables and how all the anions and 
cations present in the wastewater show very similar and systematic 
trends. Due to the large amount of data collected in this work, heat maps 

Fig. 10. Mass rejection as function of TMP at different recoveries (Y) (real data 
vs. model) (a) TOC (b) TSS. 

Fig. 11. Charge density vs. Mass rejection (a) Cations (b) Anions. Symbols in 
the figure represent the chemical symbol of the ion and the electrical charge. 
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are used to better visualize the entire data set. A generic heat map 
example is shown in Fig. 13. 

In the heat maps, the colors stand for, in red, an ion with a low mass 
rejection (20% or less), and in green, an ion with mass rejection of 80% 
or more. There is a color gradient connecting the two colors. The col-
umns of the heat map represent (narrow) recovery ranges tested in the 
TNU, starting from 45% up to 80%. The rows show TMP values from 4 to 
16 bar. In the heat map example, the transition from low rejection (in 
red) towards higher rejection (in green) follow a trend where the lowest 
rejection is seen at high recovery and low TMP, and the highest rejection 
is shown at a low recovery and high TMP. In other words, the mass 
rejection increases from top right to lower left. Since the heat map 

represents the behavior of the rejection with both TMP and recovery, the 
complete set of data is used (including both operating modes of the 
TNU). 

Fig. 14 shows the heat maps applied for all cations evaluated during 
the test (monovalent, divalent, and trivalent). Each heat map is labelled 
with the cation symbol and its hydrated radius. From left to right heat 
maps are given with decreasing hydrated radii for ions with identical 
charge. The mass rejections in these heat maps were taken from linear 
correlations of the actual data obtained by the TNU for each recovery 
range. Some of the ions displayed in Table 4 are not included in the heat 
map since the third-party lab found only traces of these ions (from <
0.005 to < 0.2 mg/kg) in the permeate stream. 

As can be seen from the results in Fig. 14 divalent ions are rejected 
more than monovalent ions, as evidenced by the darker green colors on 
the lower left corner for divalent ions, and the darker red color at the top 
right corner for monovalent ions. It could also bee seen that smaller 
cations are rejected better than larger ones. The highest rejection for 
monovalent cations is 67% (potassium) and 78% for divalent cations 
(barium). 

Fig. 15 shows the heat maps for anions. The trends seen for anions 
are very similar to those seen for cations. The highest rejection for 
monovalent anions is 70% (nitrate) and 73% for divalent anions (sul-
fate). Bromine shows an even larger rejection (78%). However, in pre-
vious work (Motta Cabrera et al., 2021), bromine showed erratic 
behaviour when compared with all the other ions, a tendency that 
continued with the work presented in this manuscript. It is likely that the 
detection of this ion has some analytical errors. In fact, some of these 
errors can be seen in the heat map as the color in some columns is not a 
continuous gradient from red to green. All relevant data can be found in 
the supplementary information (Tables S2–S4), which includes main 
operation conditions during the TNU testing and rejections of all ions 
and compounds as listed in Table 4. 

Fig. 12. Specific flux of the membrane as function of wastewater viscosity.  

Fig. 13. An example of a heat map showing mass rejection as a function of TMP and recovery  
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5. Conclusions 

A commercial ceramic nanofiltration membrane made of titania and 
zirconia has been tested for more than 12,500 h to treat wastewater in a 
24/7 oil field operation in Canada. The wastewater quality varied during 
the testing of the titania nanofiltration unit (TNU) due to normal oper-
ations. The total suspended solids (TSS) in the feed ranged between 13 
and 510 mg/kg, and the total dissolved solids (TDS, or ion content) in 
the water varied between 695 and 1350 mg/kg with a variance of 100 
and 129 mg/kg, respectively. Total organic content (TOC), which indi-
cated mainly how much oil was in the water, changed between 31 and 
134 mg/kg with a variance of 16 mg/kg. pH ranges between 7.7 and 8.4, 
and temperature varies between 4.2 and 49.5 ◦C depending on the 
season. The unit was tested in two modes, “recovery constant” mode, 

where the transmembrane pressure (TMP) was modified to achieve the 
recovery set point, and “TMP constant” mode, where the recovery was 
the variable changed to achieve a set TMP value. Values of recovery and 
TMP ranged between 40 and 80% and 4 and 16 bar, respectively. The 
specific flux range during the experiments varied between 1–10 L/(m2. 
h.bar). 

Across all conditions, TSS were rejected between 86 and 100% and 
TOC between 58 and 93%. The rejection of TSS and TOC is most likely 
driven by sieving effect since the size of these compounds is expected to 
be larger than the average membrane pore size (0.9 nm). In the case of 
organic matter coming form the oil, some light compounds with a low 
carbon number may have ended up in the permeate, reducing the overall 
TOC rejection. The sieving effect was apparent for these two types of 
compounds after evaluating the trends of rejection with recovery. In the 

Fig. 14. Heat map showing the cations mass rejection as a function of TMP and recovery. Low rejection is shown in red and high rejection is highlighted in green.  
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case of TSS and TOC, the rejection remained high at all conditions 
tested, contrary to ion rejection where sieving may be only partially 
responsible. 

The behavior of ion mass rejection across all 18 ions tested in the 
wastewater follow similar trends, except for a few outliers. In general, 
ion mass rejection increased linearly with an increase in TMP and 
decreased linearly with an increase in recovery. This linear behavior was 
seen within the conditions tested, although it is speculated that the 
behavior may be non-linear outside of these boundaries. Moreover, a 
strong relationship of specific flux of the membrane with TMP was seen. 
The fact that ion mass rejection increased with an increase TMP, and a 
decrease of specific flux led to the conclusion of the formation of a cake 
layer that is enhancing ion rejection. On the other hand, the specific flux 
did not have a strong correlation with recovery. It is assumed that a 
change in recovery will affect the rate of cake layer formation but not its 
steady state value. The data also shows that the membrane preferentially 
rejects ions with a larger charge density, at all conditions for both cat-
ions and anions. This trend seems not to be impacted significantly by 
TMP nor recovery. For anions, rejection is likely linked to repulsion with 
the charged membrane/cake layer, whereas cations are rejected by the 

membrane to allow for electroneutrality across the membrane separa-
tion unit. 
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Puhlfürß, P., Voigt, A., Weber, R., Morbé, M., 2000. Microporous TiO2 membranes with a 
cut off < 500 Da. J. Membr. Sci. 174, 123–133. 

Reid, R., Sherwood, T.K., Prausnitz, J.M., 1977. The Properties of Gases and Liquids, 3rd 
ed. McGraw-Hill, New York.  

Sadeghian, Z., Zamani, F., Ashrafizadeh, S.N., 2010. Removal of oily hydrocarbon 
contaminants from wastewater by γ-alumina nanofiltration membranes. Desalin. 
Water Treat. 20, 80–85. https://doi.org/10.5004/dwt.2010.1154. 

Singh, R., 2006. Hybrid Membrane Systems for Water Purification: Technology, Systems 
Design and Operation. Elsevier, OxfordAmsterdam, 2006. ed.  

Tamura, H., Mita, K., Tanaka, A., Ito, M., 2001. Mechanism of hydroxylation of metal 
oxide surfaces. J. Colloid Interface Sci. 243, 202–207. https://doi.org/10.1006/ 
JCIS.2001.7864. 

Tarabara, V.V., Corneal, L.M., Byun, S., Alpatova, A.L., Masten, S.J., Davies, S.H., 
Baumann, M.J., 2010. Mn oxide coated catalytic membranes for a hybrid 
ozonation–membrane filtration: comparison of Ti, Fe and Mn oxide coated 
membranes for water quality. Water Res. 45, 163–170. https://doi.org/10.1016/j. 
watres.2010.08.031. 

Voigt, I., Richter, H., Stahn, M., Weyd, M., Puhlfürß, P., Prehn, V., Günther, C., 2019. 
Scale-up of ceramic nanofiltration membranes to meet large scale applications. Sep. 
Purif. Technol. 329–334. https://doi.org/10.1016/j.seppur.2019.01.023. 

Wang, R., Li, Y., Wang, J., You, G., Cai, C., Chen, B.H., 2012. Modeling the permeate flux 
and rejection of nanofiltration membrane separation with high concentration 
uncharged aqueous solutions. Desalination 299, 44–49. https://doi.org/10.1016/j. 
desal.2012.05.014. 

Yang, C., Kuang, W., Zhang, G., Mortazavi, S., Doiron, A., Volchek, K., Lambert, P., 2022. 
Characterization of residual organic matter in oil sands steam assisted gravity 
drainage produced water treated by ceramic nanofiltration membranes. J. Pet. Sci. 
Eng. 208, 109408 https://doi.org/10.1016/j.petrol.2021.109408. 

S.M. Cabrera et al.                                                                                                                                                                                                                             

https://doi.org/10.1016/j.watres.2022.118593
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0001
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0001
https://doi.org/10.1016/j.desal.2018.01.030
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0003
https://doi.org/10.2174/1876325100701010001
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0005
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0005
https://doi.org/10.1016/j.electacta.2008.07.040
https://doi.org/10.1016/j.electacta.2008.07.040
https://doi.org/10.1007/978-3-319-58604-5
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0008
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0008
https://doi.org/10.5772/53478
https://doi.org/10.5772/53478
https://doi.org/10.1016/j.desal.2009.02.017
https://doi.org/10.1016/j.desal.2009.02.017
https://doi.org/10.1016/j.desal.2009.09.088
https://doi.org/10.5772/intechopen.70909
https://doi.org/10.1006/jcis.1999.6481
https://doi.org/10.1016/j.desal.2010.07.055
https://doi.org/10.2118/84-03-05
https://doi.org/10.2118/84-03-05
https://doi.org/10.1016/j.seppur.2011.08.016
https://doi.org/10.1016/j.seppur.2011.08.016
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0019
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0019
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0019
https://doi.org/10.1016/j.memsci.2005.11.016
https://doi.org/10.1016/j.jenvman.2015.01.014
https://doi.org/10.1016/s0015-1882(18)30299-4
https://doi.org/10.1016/j.seppur.2020.117821
https://doi.org/10.1016/j.seppur.2020.117821
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0024
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0024
https://doi.org/10.1016/j.desal.2014.11.023
https://doi.org/10.1016/j.desal.2004.03.018
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0027
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0027
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0028
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0028
https://doi.org/10.5004/dwt.2010.1154
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0030
http://refhub.elsevier.com/S0043-1354(22)00546-2/sbref0030
https://doi.org/10.1006/JCIS.2001.7864
https://doi.org/10.1006/JCIS.2001.7864
https://doi.org/10.1016/j.watres.2010.08.031
https://doi.org/10.1016/j.watres.2010.08.031
https://doi.org/10.1016/j.seppur.2019.01.023
https://doi.org/10.1016/j.desal.2012.05.014
https://doi.org/10.1016/j.desal.2012.05.014
https://doi.org/10.1016/j.petrol.2021.109408

	Performance evaluation of an industrial ceramic nanofiltration unit for wastewater treatment in oil production
	1 Introduction
	2 Equipment and system description
	2.1 Commercial titania nanofiltration unit (TNU)
	2.2 Ceramic membranes

	3 Experimental design
	3.1 Operational program
	3.2 Analytical sampling program
	3.3 Data evaluation methodology

	4 Results and discussion
	4.1 Effect of TMP and recovery on membrane specific flux
	4.2 Effect of recovery on ion and compound rejection
	4.3 Effect of TMP on Ion and compound mass rejection
	4.4 Effect of charge density on Ion rejection
	4.5 Effect of temperature on Ion mass rejection
	4.6 Overall behaviour of Ion mass rejection

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


