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ABSTRACT

Steam-assisted gravity drainage (SAGD) is a thermally enhanced heavy oil recovery method
which is widely practiced for the bitumen extraction from the oil sands in Alberta, Canada.
This study is the first application of forward osmosis (FO) for the treatment of SAGD
produced water with the intent to reuse the treated water. The effects of temperature, flow
rate, and pH of the feed water (produced water) and concentration and flow rate of the
draw solution (salt solution) on the water flux as well as undesired diffusion of organic
matter toward the draw solution were studied. Since no interaction between parameters is
predicted, a fully saturated L;, Taguchi design was used to investigate these five parame-
ters each at four levels. It was found that increasing the feed water temperature and the
draw solution concentration enhanced the water flux. The change in feed pH did not have
any significant effect on water flux. Increasing the flow rate of both the BFW and the draw
solution reduced the concentration polarization layer on both sides, thus increased the effi-
ciency of the separation process. Analysis of variance showed that the feed water tempera-
ture and the draw solution concentration were the most influential parameters. This study
provides valuable insights regarding the feasibility of the FO process for the treatment of
oil sands produced water.

Keywords: Forward osmosis; SAGD produced water; Taguchi method; ANOVA

1. Introduction

Steam-assisted gravity drainage (SAGD) is a ther-
mally enhanced heavy oil recovery method which is
widely practiced for bitumen extraction from oil sands
in Alberta, Canada. In this process, steam is injected
through a horizontal well into the bitumen-containing
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formation to decrease the viscosity of the bitumen and
affect its extraction. An emulsion of steam condensate
and heated bitumen flows down along the periphery
of the steam chamber to the production well which is
located below the injection well. This emulsion is then
pumped to the surface where the bitumen and water
are separated and the water is treated for reuse as
boiler feed water [1].
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Fig. 1 shows a conventional SAGD water treatment
plant. After initial bitumen water separation, the pro-
duced water is de-oiled by gravity skim tanks and
induced static flotation (ISF) where the majority of the
oil is removed from the water. Finally, the free oil con-
tent in the produced water is reduced to below
20 mg/L by passing it through walnut shell filters.
The de-oiled water is then treated in a warm lime soft-
ener (WLS) for the removal of silica, followed by the
removal of suspended solid in after filters. Finally, a
weak-acid cation exchanger (WAC) is used to remove
the residual multivalent cations like Ca** and Mg?>*.
After the treatment process, this water is then used as
feed water in once through steam generators (OTSGs).

The conventional treatment process is not designed
to remove TDS and dissolved organic matter. Typical
SAGD water composition after conventional treatment
is summarized in Table 1. For this harsh quality of
water, having a high level of TDS and silica, to be
used as boiler feed water, OTSGs are used. OTSGs are
robust and are able to handle BFW containing higher
level of TDS (<8,000 ppm) and Ca/Mg/Si than con-
ventional drum boilers [2]. To compensate for the poor
water quality, the quality of steam in the OTSGs is
typically limited between 75 and 80% to ensure that a
sufficient volume of water is available for cooling the
inner surfaces of the tubing in the radiant section and
to prevent any impurities in the BFW from being
deposited on the tube surface. The steam is separated
from the liquid at the exit of the steam generator and
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Table 1
Specification of a typical BFW
Parameter Specification
Conductivity (mS) 2.5-3.5
TDS (mg/L) <3,500
pH 9.8-10.5
DOM (mg/L) 500-600

Silica (mg/L as SiO,) <75

is sent into the reservoir. The separated liquid is char-
acterized by high concentration of dissolved solids
and organics and is known as boiler blow down water
(BBD). A portion of BBD is recycled back to the WLS,
while the remainder is disposed off.

The inability of the conventional water treatment
method to meet BFW specifications has resulted in the
fouling and failure of boiler tubes in the field [3,4].
Fouling of the boiler tubes is a major problem in the
SAGD operation as it results in periodic shutdowns of
the operation for cleaning and maintenance, which
results in a significant loss in production of bitumen
[5]. Several research efforts are being made to better
understand the mechanism of fouling, but still it is
unclear whether the high levels of organic carbon
deposited on the tubes, in addition to silica, are due to
the deposition and coking of free and emulsified oil,
or if they are due to temperature-related precipitation
of organic matter.

Remove the dissolved
Ca?*, Mg?* ions

Remove the
residual sludge

Weak acid
cation
exchanger

After
filter

pH 10~12
Silica5~10 mg
Boiler Feed Water Sas-d0upL
(BFW) TOC 300~500 mg/L
TDS 2000~2500 mg/L
Disposal Steam

Fig. 1. Flow diagram of a typical SAGD water treatment process (figure adapted from [6]).
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In order to prevent fouling of the steam generators
and to recycle as much water as possible, oil sands
companies are seeking novel water treatment tech-
nologies. Membrane-based separation processes have
been extensively used in treating produced water due
to their clear-cut advantages over conventional pro-
cesses, i.e. lower operating cost and energy consump-
tion. Membrane-based treatment processes have been
found to be efficient in treating water with high oil
content, low mean particle size, and high flow rates.
Numerous studies have been published on the appli-
cation of microfiltration (MF) and ultrafiltration (UF)
[7-12] for the treatment of oily produced water. For
the separation of a broader range of contaminants, like
silica, dissolved organic matter and salt, tighter mem-
brane processes like nanofiltration (NF) and reverse
osmosis (RO), have been used [13-17]. Several studies
have also been published on the use of NF and RO for
treating oil sands process affected water (OSPW) asso-
ciated with surface mining for bitumen extraction, and
recently, a study was conducted on the use of NF
membrane processes for the SAGD produced water
treatment [6], but to date no published studies have
been found on the use of FO for the treatment of
SAGD-produced water. In the present study, FO was
investigated for the first time on model BFW obtained
from a SAGD operation to reduce the concentration of
TDS and dissolved organic matter.

Forward osmosis (FO) has gained ground in the
field of water treatment and desalination in the past
decade [18]. Several studies have been published in
the last decade showing the wide scope of application
of FO in different areas of water treatment, which
include desalination of seawater and brackish water
[19,20], concentration of landfill leachates [21], treat-
ment of municipal [22-24], industrial wastewater
[25,26], and processing of food and beverages [27,28].

Cath et al. [26] used seawater as a draw solution,
due to its low cost and high availability in coastal
regions, to produce drinking water using water from a
domestic wastewater treatment plant and impaired
surface water as feed. The main motive of this
study was to investigate the performance of FO in
conjugation with RO. Investigation of membrane
fouling tendency, rejection of inorganic compounds,
nutrients and also preliminary economic evaluation of
the hybrid system were done. Great improvement was
observed in terms of rejection, low membrane fouling
and low cost with a dual-barrier FO-RO process.
Hutchings et al. [29] tested the applicability of FO for
reclaiming drilling wastewater for reuse as the base
fluid for hydraulic fracturing. The system oper-
ated with a 26% w/w NaCl draw solution for treating
a drilling wastewater with a 5,000 ppm TDS
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concentration. The FO system was able to recover 70%
of the water from a typical wastewater pit and a sig-
nificant reduction in the concentration of heavy metals
and salts was found in the recovered water. Another
study was made by Hickenbottom et al. [30] on FO
operation for the treatment of drilling mud and frac-
turing wastewater. Bench scale tests were performed
on waste streams using a commercial CTA membrane
and a 26% w/w NaCl draw solution. It was reported
that at least 80% of the O&G drilling wastewater vol-
ume was recovered. A high rejection of inorganic and
organic compounds was achieved during the pilot
testing. Minimal irreversible fouling was observed and
the effectiveness of osmotic backwashing to remove
the fouling layer was also demonstrated.

The above-mentioned studies investigated the gen-
eral feasibility of FO, but did not determine optimal
performance parameters. The performance of the FO
system depends upon various parameters like temper-
ature, flow rate, draw solution concentration and the
pH of the feed, which will affect the water flux as well
as the rejection rate of the membrane. In this study,
the effects of all major factors like temperature, flow
rate and pH of the feed water and the concentration
and flow rate of the draw solution on the FO of model
BFW obtained from a SAGD operation were investi-
gated. The undesired diffusion of organic matter
toward the draw solution was also reported. Since no
interaction between parameters was predicted, a fully
saturated L;s Taguchi design was used to investigate
these five parameters each at four levels. Using a
Taguchi experimental design, the results of the experi-
ments were analyzed to identify (1) the optimal pro-
cess conditions in terms of water flux, (2) the role of
individual parameters, and (3) the response for the
conditions which were not experimented. Analysis of
variance (ANOVA) was used for the statistical analy-
sis of the results and also to determine the contribu-
tion of each factor toward response variation.

2. Materials and methods
2.1. Preparation of feed

A model SAGD BFW (Table 2) was prepared by
diluting BBD water obtained from a SAGD treatment
plant located in the Athabasca oil sands region of
Alberta, Canada. Hot samples were collected, shipped
in sealed containers and were kept in an inert atmo-
sphere with a nitrogen blanket. 950 g of BBD water
was diluted five times to obtain the properties of
BFW. About 1 M solutions of NaOH and HCl (Sigma
Aldrich) were added to the model BFW to get the
required pH of the solution.
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Table 2

Properties of BFW modeled from BBD water
Parameters BBD water Modeled BFW
Conductivity (mS) 16.2 3.5
TDS (mg/L) 9,800 2,000
pH 10.5 10.0
TOC (mg/L) 2,700 550
Silica (mg/L as SiO,) 125 35
Ca®" (mg/L) 2.80 0.5
Mg** (mg/L) 0.64 0.15
Iron (mg/L) 0.70 0.25

2.2. Membrane

A semipermeable polyamide thin-film composite
(TFC) membrane with embedded polyester screen
support was acquired from Hydration Technology
Innovation (HTI Albany, OR). As compared to the
commonly available asymmetric cellulose triacetate
(CTA) membranes, the TFC membranes are relatively
new class of membranes for FO process and have
superior performance than the CTA membranes.

Based on manufacturing data, the maximum oper-
ating temperature and workable pH range of the TFC
membrane was 71°C and 2-11, respectively. In the pre-
sent work, the threshold operating conditions were
deliberately reached to test the membrane filtration
performance under the harsh conditions which would
be expected during full-scale industrial application of
the system.

2.3. Cross flow FO setup

A bench scale FO test cell system was obtained
from Sterlitech Corporation to evaluate the perfor-
mance of the FO membrane under varying operating
conditions. The schematic view of the FO setup is
shown in Fig. 2. The system consists of two 9 L tanks
one for the draw solution and the other for the feed
solution, connected to the FO membrane element cell.
The effective filtration area of the cell is 140 cm’.
Variable speed gear pumps were used to circulate the
solution through the system. The flow rate, conductiv-
ity, and temperature were measured using digital sen-
sors which came integrated with the system and the
reading could be conveniently taken from the control
panel screen on the system. A 16 kg weighing balance
(Mettler Toledo, model: MS16001L, Switzerland) was
used to measure the change in the weight of the
draw tank. The temperature of the feed side was
increased by circulating bath heater (Polyscience,
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model: MX-CA11B, USA), while the temperature of
the draw solution was controlled by a recirculating
chiller (Polyscience, model: 6560M11A120C, USA).

2.4. Total organic carbon analysis

Draw solution samples collected at the end of the
experiment were analyzed for total organic carbon
(TOC), which is the indicator of the amount of dis-
solved organic carbon present in the SAGD produced
water. TOC was measured by using a combustion
type TOC analyzer (Shimadzu, model TOC-V; detec-
tion range 3-25,000 mg/L). The TOC analyzer is sensi-
tive to high salt concentration in the solution, so the
samples were diluted 10 times before they were sent
for analysis.

2.5. Experimental methodology

To study the effect of all the influential parameters
on the water flux one at a time, 4> numbers of experi-
ments would have to be carried out. Instead, the
Taguchi method was used for the experimental design
to study the effect of all factors with minimum num-
ber of experiments. Five factors, each with four levels,
were chosen for the experiment as shown in Table 3.
The experimental matrix was designed by selecting a
L,c orthogonal array. The layout of the L¢ array used
for the experimental design is presented in Table 4.

The Taguchi method utilizes orthogonal arrays to
group the parameters affecting the result and the
levels at which these parameters should be varied,
thus significantly reducing the number of experimen-
tal configurations. The advantage of using orthogonal
arrays is that it is possible to separate out the effect of
each factor at a different level. For example, the mean
response for temperature at 25, 40, 50 and 55°C can be
calculated by taking the average of the response for
the experiments 1-4, 2-8, 8-12, and 8-16, respectively.
The mean response for other factors at each level can
be calculated in a similar way [31].

The results obtained from the set of experiments as
described in the orthogonal array are analyzed in the
Taguchi method using a statistical index of perfor-
mance called signal-to-noise (S/N) ratio. The S/N
ratio is the function of both the mean and the stan-
dard deviation of the result. Therefore, the S/N ratio
is the logarithmic (to the base 10) ratio of the mean
(result) to the deviation (noise) of the result from
the desired value. Depending upon the quality
characteristic to be optimized, there are three standard
S/N ratios (i) bigger-is-best, (ii) smaller-is-best, and
(iii) nominal-is-best [32]. In our study, the quality
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Fig. 2. Schematic of bench scale FO setup.
Table 3 2.6. Experimental procedure
Controllable factors and their levels . . .
Sixteen experiments were conducted as shown in
Levels Table 4 to evaluate the performance of the FO mem-
Factor 1 5 3 4 brane. The initial draw (NaCl) solution and feed solu-
tion (model BFW) volumes were 2 and 4.75L,
Feed temperature (‘C) 25 40 50 55 respectively. The TFC membrane was operated in FO
Feed pH 8.5 9.5 10.5 115 mode (i.e. the active layer was facing the feed solu-
Feed flow rate (LPM) 0.5 1.0 2.0 3.0 tion). The experiments were performed under the
Draw conc. (M) 0.5 1.0 2.0 30 given set of operating conditions for duration of 10 h
Draw flow rate (LPM) 0.5 1.0 2.0 3.0

characteristic to be optimized was the water flux, so
the bigger-is-best response was chosen. For the bigger-
is-best response, the following relation is used to find
the S/N ratio:

S/N = —10log (3121> M
i=1 Wi

where 7 is the number of all observations used for the
calculation of the S/N. Whatever may be the quality
characteristic, the transformations of the S/N ratio are
such that it is always interpreted as the bigger-the-
better [32]. After analyzing the signal-to-noise ratio,
ANOVA is performed for estimating error variance
and for determining the relative importance of various
parameters.

and the flux of the draw solution and the conductivity
change of the feed and draw solution were monitored
throughout the experiment. The temperature of the
draw solution was maintained at 28 + 3°C throughout
all experiments. The average flux over a period of
10 h was used for analysis in our study.

3. Results and discussion

From our past experience and from related works
in the literature, five important influential parameters
that affect the water flux in FO were selected: temper-
ature, draw concentration, flow rate of feed and draw
solution and pH. Fig. 3(a) and (b) shows variation of
flux, draw conductivity, and feed conductivity with
time corresponding to experiment number 2 and 9 in
Table 4. As can be seen, the flux remains constant
throughout the experiment for run 2, while it
decreases with time for run 9. For run 9, this decline
in flux was partially due to exceeding the critical flux
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Table 4
Experimental design using L, orthogonal array
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Run no. Feed temperature (°C) Feed pH Feed flow rate (LPM) Draw conc. (M) Draw flow rate (LPM)
1 25 8.5 0.5 0.5 0.5
2 25 9.5 1.0 1.0 1.0
3 25 10.5 2.0 2.0 2.0
4 25 11.5 3.0 3.0 3.0
5 40 8.5 1.0 2.0 3.0
6 40 9.5 0.5 3.0 2.0
7 40 10.5 3.0 0.5 1.0
8 40 11.5 2.0 1.0 0.5
9 50 8.5 2.0 3.0 1.0
10 50 9.5 3.0 2.0 0.5
11 50 10.5 0.5 1.0 3.0
12 50 11.5 1.0 0.5 2.0
13 55 8.5 3.0 1.0 2.0
14 55 9.5 2.0 0.5 3.0
15 55 10.5 1.0 3.0 0.5
16 55 115 0.5 2.0 1.0
20 - & = Flux (LMH) 40 - & - Flux (LMH) 2 —_
a —s— Feed conductivity(m3) F 80 — U“J“ 35 —e=— Feed conductivity (mS) 180 tn
£ —e— Draw conductivity (mS) % £ 1 —s— Draw conductivity (mS)|L 160 E_
— - — < A
. es's 05 00 1402
=2 & =g ] L 120 5
2 3 10 S =2 20 L 100 ©
=] X T A _A
x L 40 © = 1 pic -
5= cE =5 80 8
ES N o L 154 i
9 T ; B 10 1 o0 %
8 5 20 8] L40 5
w o 5 1 L 20
0 T L] L] T 0 0 T T T T 0
0 2 4 6 8 0 2 4 6 8
Time (h) Time (h)

Fig. 3. Water flux, draw conductivity, and feed conductivity as a function of time for experiment no 2 and 9

corresponding to Table 4.

of the FO membrane. At a flux higher than a critical
value, the permeation drag pushes the foulants toward
the membrane surface and consequently reduces the
flux. Another reason behind such a sharp flux decline
is simply reduction of the driving force due to the
rapid concentration of the feed as well as dilution of
the draw solution. For the case where the flux is low,
there is not much change in the driving force, and
hence the flux decline is less.

Table 5 shows the experimental results for average
water flux and the corresponding S/N ratio calculated
using Eq. (2). Each experiment was replicated twice to
confirm the reproducibility of the results. To get a bet-
ter understanding of the effect of each parameter, the
Taguchi method uses the plots of marginal mean and

the S/N ratio, as shown in Figs. 4 and 5, respectively.
These graphs are based on data given in Table 6. It
should be noted that these graphs just show the trend
effect of each factor, and it would be incorrect to use
these graphs to predict values that were not
experimented.

It can be seen from Figs. 4 and 5 that draw concen-
tration, feed and draw flow rate and temperature have
positive effect on the water flux. According to
Fig. 5(b), increasing the pH from 8.5 to 10.5 slightly
increases the flux but, thereafter it has no influence.
From the Taguchi design, it can be concluded that the
flux is highly dependent on the change in draw solu-
tion concentration and feed water temperature
(Fig. 5(a) and (d)). These results are consistent with
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Table 5
Average response and S/N ratio for each run

Feed
Run temperature  Feed Feed flow Draw Draw flow Flux (LMH) Flux (LMH) Avg flux S/N
no. (O pH rate (LPM) conc. (M) rate (LPM) Run 1 Run 2 (LMH) (dB)
1 25 8.5 0.5 0.5 0.5 4.3 4.4 44+0.0 12.8
2 25 9.5 1.0 1.0 1.0 6.8 5.9 6.7 0.6 16.5
3 25 105 2.0 2.0 2.0 11.3 11.8 115+04 212
4 25 115 3.0 3.0 3.0 20.1 18.5 193+11 257
5 40 8.5 1.0 2.0 3.0 16.0 18.1 17015 247
6 40 9.5 0.5 3.0 2.0 21.0 19.8 204+08 262
7 40 105 3.0 0.5 1.0 13.3 12.9 13.1+03 223
8 40 115 20 1.0 0.5 13.4 12.3 129+08 222
9 50 8.5 2.0 3.0 1.0 22.3 23.8 23.0+11 273
10 50 9.5 3.0 2.0 0.5 19.5 20.8 201+09 261
11 50 105 05 1.0 3.0 17.8 17.7 176 +£01 249
12 50 115 1.0 0.5 2.0 133 14.6 139+09 223
13 55 8.5 3.0 1.0 2.0 16.5 19.2 17.8 2 25.0
14 55 9.5 2.0 0.5 3.0 16.6 15.5 16.0+0.8 24.1
15 55 105 1.0 3.0 0.5 25.5 24.7 251+06 280
16 55 115 05 2.0 1.0 19.5 20.0 19.8+04 259

the previous literature [33,34]. Increasing feed and
draw flow rate slightly improved water flux (Fig. 5(c)
and (e)). This is attributed to the decrease in the con-
centration polarization effect on both sides of the
membrane.

3.1. Effect of feed temperature

The produced water generated by the SAGD oper-
ation is typically at a high temperature [6]. Here, we
tried to test the membrane at temperatures other than
room temperature to investigate the performance of
FO process at condition as much similar to practical
application. So the temperature of the feed solution
was varied between 25 and 55°C. Higher tempera-
tures than 55°C could not be achieved with the current
setup. According to Fig. 4(a), an increase in tempera-
ture has a positive effect on the permeate flux. Change
in the temperature of a solution influences its thermo-
dynamic properties like viscosity and osmotic pressure
as well as the diffusivity of dissolved solids. The
osmotic pressure of a solution is given by:

7 = icRT )

where i is the Van’t Hoff factor, ¢ is the molar concen-
tration, R is the universal gas constant and T is the
absolute temperature. Based on Eq. (2), increasing the
temperature of the feed solution will increase its
osmotic pressure, which is not desirable because it
decreases the net driving force in the FO process.

However, it was shown by Phuntsho et al. [33] that
the increase in osmotic pressure with temperature is
marginal and becomes insignificant when compared to
the high osmotic pressure of the draw solution. Two
main causes that contribute to flux enhancement by
increasing the temperature are decrease in water vis-
cosity and swelling of the membrane. With an increase
in temperature there is a decrease in the viscosity of
the water from 0.893x10°m’/s at 25°C to
0.51 x 107 m?/s at 55°C [35]. This increases the pure
water permeability (A) of the membrane which is an
inverse function of viscosity given by A =1/uRy,
where u is the viscosity of the solution and Ry, is the
intrinsic hydraulic resistance of the membrane [36].
More importantly, more relaxation of the polymeric
membrane matrix at elevated operating temperatures
can intensify the membrane swelling with water,
thereby allowing more water to pass through it.

3.2. Effect of draw solution concentration

From Fig. 4(c), it can be observed that the draw
solution concentration has a strong influence on water
flux. The standard flux equation in the FO process is
given by:

Jw = A(np — 7g) 3

where A is the pure water permeability, 7 and zp are
osmotic pressure of the draw and feed solutions
respectively. As NaCl is well dissociated in the
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Fig. 4. Effect of (a) temperature, (b) pH, (c) feed flow rate, (d) draw concentration, and (e) draw flow rate on water flux.

solution, it can be seen from Eq. (2) that increasing the
concentration of the draw solution proportionally
increases the osmotic pressure. So, higher permeate
flux is observed with an increase in draw solution
concentration due to the increased driving force
(Eqg. (3)). But in asymmetric membranes at higher con-
centration of draw solutions, a non-linear dependence
of flux with driving force is observed, and the flux
can no longer be predicted by Eq. (3). This is due to
the phenomena of concentration polarization [34]. But

the Taguchi method was not able to capture this
non-linearity in the flux behavior, possibly due to the
simultaneous influence of other factors on the flux.

3.3. Effect of flow rates

Fig. 4(c) and (e) show the effect of the feed flow
rate and the draw flow rate on the water flux. Both
the feed flow rate and the draw flow rate showed sim-
ilar trends on flux behavior. As can be seen, the flux is
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Fig. 5. Effect of (a) temperature, (b) pH, (c) feed flow rate, (d) draw concentration, and (e) draw flow rate on S/N ratio.

almost unaffected by the flow rate when it is increased
from 0.5 to 2 LPM, but there is a small jump in the
flux when the flow rate is increased to 3 LPM. Flux
enhancement at higher flow rates is well studied in
the literature for pressure driven processes [37,38],
and a similar explanation can be applied in case of
FO. For the feed side, the increase in feed flow rate
will reduce the thickness of the concentration bound-
ary layer near the membrane thereby enhancing the
mass transfer coefficient. Therefore, the severity of the

external concentration polarization (ECP) is decreased
at higher flow rates. Another factor which contributes
to the enhancement of flux in real feed system is the
reduced fouling tendency at higher flow rates [38,39].
The reason for moderate flux enhancement due to
an increase in draw flow rate is not well established,
since internal concentration polarization is the domi-
nant phenomena on the draw solution which is not
affected by the draw flow rate, as it occurs inside the
porous support layer. A confirmation test (as will be
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Table 6
Effect of influential parameters
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Factor Level Response (Flux) Response (S/N)
Temperature (°C) 25 10.47 19.06
40 15.87 23.82
50 18.47 25.13
55 19.68 25.73
pH 8.5 15.57 22.39
9.5 15.81 23.21
10.5 16.84 24.12
11.5 16.27 24.03
Feed flow (LPM) 0.5 15.55 22.46
1.0 15.50 22.86
2.0 15.87 23.68
3.0 17.57 24.57
Draw concentration (M) 0.5 11.65 20.38
1.0 13.75 22.14
2.0 17.11 24.45
3.0 21.97 26.78
Draw flow (LPM) 0.5 15.61 22.25
1.0 15.65 23.00
2.0 15.72 23.67
3.0 17.51 24.83

shown later) showed a 28% increase in flux with a
change in the draw flow rate from 1 to 3 LPM when
other parameters remained constant. A plausible
explanation can be made based on the model devel-
oped by Suh and Lee [40]. Previous researchers
neglected the phenomena of ECP on the draw side
but this phenomenon can be significant at low cross-
flow velocities and high flux.

So, when the draw flow rate is increased, the ECP
phenomenon is reduced, causing less difference in
solution concentration in the bulk region and near the
membrane. This consequently, leads to slightly higher
salt concentration inside the porous support of the
membrane.

But the improvement in flux cannot be explained
just by the improvement in the mass transfer coeffi-
cient on draw side, another reasonable argument can
be made on the basis of the dilution of the draw solu-
tion along the membrane by the inflow of permeate as
given by Xu et al. [39]. The phenomena of dilution of
the draw solution can be severe at low cross flow
velocity and high permeate flux. Excessive dilution of
the draw solution may lead to a decrease in concentra-
tion potential across the membrane and thus reduce
water flux through the membrane. However at higher
cross flow velocity the diluted draw solution is

replenished quickly, leading to an enhancement in
permeate flux. It should be noted that, Xu et al. per-
formed their study on spiral wound membranes,
which have a higher membrane surface area than the
flat sheet membrane used in out experiment, thus
achieving a much higher dilution factor.

3.4. Effect of pH

The pH of the BFW obtained from the SAGD plant
varies between 9.8 and 10.5, so it was very important
to test the performance of the membrane at these con-
ditions. Therefore, the pH of the feed solution was
varied from 8.5 to 11.5. There was a minimal change
in flux when the pH was changed from 11.5 to 8.5
(Fig. 4(b)). But this was contrary to what has been
observed in pressure-driven membrane processes.
Sadrzadeh et al. [6] reported a 20% decrease in flux
when the pH was changed from 10.5 to 8.5 in a NF
separation process. It was observed that silica
nanoparticles and organic matter precipitated on the
membrane surface at lower pH due to decreased
inter-particle repulsion as well as particle-membrane
repulsion, thus accelerating the formation of a cake
layer. This cake layer formation choked the membrane
and hence decreased the permeate flux through it.
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However, according to the literature, the fouling layer
formed in a FO process is less compact compared to
that formed in a pressure driven membrane process
[41]. Thus, there was no noticeable change in flux
when the pH is decreased from 10.5 to 8.5. Hence, it
can be concluded that FO was less susceptible to foul-
ing by the BFW as compared to the pressure driven
membrane process.

3.5. Rejection of organics

SAGD BFW has a wide variety of organic contami-
nants with different chemical properties and molecu-
lar weight [42]. With the wide range of molecular
weights and chemical properties the removal of
organic compounds from the BFW is a big challenge.
So, the efficiency of FO TFC membrane was tested for
the filtration of organic compounds. The samples of
draw solution were collected after each experiment
and analyzed for DOM. TOC results showed that the
rejection of the organics was in the range of 85-96%.
The TOC rejection did not show any particular
trend indicating that the membrane had a stable
performance even at operating condition close to its
threshold limits.

4. ANOVA

Results obtained from Taguchi can be coupled
with ANOVA to determine the relative significance of
each parameter on the response and also to determine
whether the variation in response is due to a change
of parameter level or due to experimental noise.
ANOVA uses sum of squares (SS), degree of freedom
(dof), and mean square to find the associated F-value,
which is then compared to the F-value obtained from
the statistical table to check for the significance of a
factor. A brief overview of the terms which we come
across when using ANOVA is given below [32,43]:

The SS of a factor is given by:

Ka_ s A2 2
SSa=) <—> - Tﬁ @

i1\

where K, is the number of levels of a factor A (K, =4
for all factors in this study), n4, is the number of all
observations at level i of factor A (14, =8), A; is the
sum of all observations of level i of factor A, and T is
the total sum of all observation. The SS of the error is
computed using the following equation:

SS, =SS — (SSa + SSp + - ) ®)
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where SSr is the total SS and is given by:

= ©)

where N is the total no of observations. The SS and
SSt are the basic calculations needed for ANOVA.
From these quantities, variance can be calculated by
dividing the SS by the dof (v).

_ss)

VA

Va 7)

where v, is the degrees of freedom of a factor A and
is given by va = K4 — 1. From this, the F-value can be
calculated as follows:

Va

where V, is the variance for the error term which can be
obtained by calculating the error SS. and dividing it by
error degrees of freedom (v,), i.e. V, =SS, /v,, ve = vy —
(v4 + vg + ) and vy which is total degrees of freedom
equal to (N —1). Now the calculated F-value is com-
pared to the F-value obtained from the statistical tables
at various risks (a) using v4 and v,. If the calculated
value of F is greater than the extracted one, then it can
be concluded that the effect of the parameter is signifi-
cant. Table 7 provides the statistical results based on the
experimental data. The term P in the table is the per-
centage influence of each factor on the response.
Comparing the obtained value of F with the
extracted value of F (F=3.24) from the table at
a =0.05, it can be concluded that the variance of all
factors except pH is significant compared with the
variance of error, and hence, all these factors have
significant effects on the response. The p-value of the
draw concentration and the temperature is very high

Table 7
Statistical results based on experimental data

Flux-mean
Factor SS dof Variance F p (%)
Draw concentration 486.5 3 162.1 203.5 51.1
Temperature 4014 3 133.8 1679 42.1
Feed flow rate 228 3 7.6 9.6 24
Draw flow rate 206 3 6.8 8.6 2.16
pH 7.5 3 2.5 3.1 0.7
error 12.7 16 0.8 - -
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Table 8
Comparison of flux results obtained from confirmation test run and by Taguchi prediction
Flux (LMH)
Draw
Temperature Feed flow rate  concentration Draw flow rate  Taguchi Experimental  Error
O pH (LPM) ™M) (LPM) prediction value percent (%)
50 95 1 1 1 14.7 15.9 7.5
25 95 1 1 3 8.6 8.6 0.1
25 95 3 1 1 8.8 11.1 20.7
25 115 1 1 1 7.2 7.1 1.4
25 95 1 2 1 9.0 10.0 10
40 105 2 2 2 16.9 17.6 4.0
(a) 30 —a— Temp = 25°C Draw flow rate : 1 LPM (b) —s— Temp = 25°C Draw flow rate : 1 LPM|
—e— Temp = 40°C Feed flow rate : 1 LPM —e— Temp = 40°C Draw conc. : 1M
1—— Temp = 50°C pH:95 20 4—a— Temp = 50-C pH:95
. —v— Temp = 55°C o —»— Temp = 55°C
L 207 < —
= =
0 T L} L} 0 ¥ T w T T
1 2 3 0 1 2 3
Draw Concentration (M) Feed flow rate (LPM)
(C) —=— Temp = 25°C Feed flow rate : 1 LPM (d) —=—Conc=05M Feed flow rate : 1 LPM
—e— Temp = 40°C Draw conc. : 1 M —e—Conc=10M Draw flow rate : 1 LPM
20 4—— Temp =50°C pH:9.5 20 J—— Conc=2.0 M Draw conc. : 1 M
e —— Temp = 55°C ey ——Conc=3.0M
% 10+ 510 —mm——
.___——a—'"/“.—_______-'
0 L L} T 0 T T T
0 1 2 3 8 9 10 1" 12

Draw flow rate (LPM)

pH

Fig. 6. (a) Flux at different draw concentration and temperature, (b) flux at different feed flow rates and temperatures, (c)
flux at different draw flow rate and temperatures, and (d) flux at different pH and different draw concentration.

as compared to feed flow rate and draw flow rate
which brings us to the conclusion that draw solution
concentration and temperature are the most influential
factors in the FO process.

For optimizing the performance of the system, a
balance should be established between water flux and
rejection of dissolved organic matter. But for these

experiments, the TOC results did not follow any trend
and the rejection rate varied from 85 to 96%. Hence,
water flux was chosen as the sole criteria for the
optimization of performance. As a result, high temper-
ature, high draw concentration, high feed and draw
flow rates and the raw feed pH of 10.5 are recom-
mended for maximizing the response.
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Finally, after finding the significant factors by
using the Taguchi method, the response for all combi-
nation of levels could be predicted with considerable
accuracy. These predictions should be confirmed by
running confirmation experiments. The results of the
confirmation runs and the predicted values by
Taguchi methods are presented in Table 8. As can be
observed, the predicted results and experimental data
match relatively well. Hence, it is shown that accept-
able results can be obtained from the reduced number
of experiments. Some of the results predicted by
Taguchi analysis are presented in Fig. 6.

5. Conclusion

The FO separation process was applied for the first
time on SAGD BFW. The effect of all important factors
(temperature, pH, draw concentration, feed and draw
flow rate) on water flux was studied at the same time
using a Taguchi experimental design. The TOC rejec-
tion was between 85 and 96%. The rejection of TOC
did not follow any particular trend indicating that
membrane performance was not affected by high
operating temperature and pH. Water flux was chosen
as the sole criteria for optimization of system perfor-
mance. High temperature, high draw concentration,
high feed and draw flow rates and a pH of 10.5 are
recommended for optimal performance of the process.
ANOVA results revealed that draw solution concen-
tration and temperature were the most influential
parameters.

Less membrane fouling was observed and minimal
treatment of the feed was required in the FO operation
as compared to RO and NF, which will ensure longer
operations with the same membrane and reduced
maintenance costs. Moderately high quality of water
was achieved by the FO process at moderately high
water flux, which demonstrates the high efficiency of
this process for SAGD produced water treatment. It is
with mentioning that, the efficiency of a FO operation
is highly dependent on the type of draw solution and
the regeneration process used for its recovery. The
application of pressure-driven process to recover the
draw solution will not bring upon a reduction in the
energy consumption. Recent studies showed that
using standalone pressure-driven process consumes
less energy than the hybrid FO system [44]. Hence, it
is inaccurate to say FO uses lower energy than RO
because energy is required in separating the draw
solutes from the solvents. However, FO can be oper-
ated by using waste heat (pinch analysis) instead of
using a high-grade electrical energy that can reduce
the dependence on fossil fuels. [45]. For this, one of
the very promising draw solutions is the solution of
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ammonium bicarbonate in water that can be recovered
by heating the draw solution up to 60 C which
decomposes ammonium bicarbonate into ammonia
and carbon dioxide gas. The draw solution can be
regenerated by recombining these two gases in water
at room temperature. Thus, waste heat can be used for
a FO process to regenerate the draw solution lowering
the overall energy consumption.

Altogether, in the near future, FO can be consid-
ered as an alternative to the conventional SAGD treat-
ment processes especially when the efforts to develop
an energy efficient regeneration process for the draw
solution succeed.
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