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Abstract 
 
Forward osmosis (FO) is an emerging membrane technology that is comparable with 
existing industrial membrane separation processes. Several studies have shown the 
potential of bacterial cellulose-alginate (BCA) as membrane material for FO system. An 
ideal draw solution (DS) compatible with this material was investigated. The three solutions 
used in the study include NaCl, MgCl2, and fructose. A simulated dirty water was used as 
the feed solution (FS) and a BCA as the membrane. An optimization study was conducted 
using central composite design (CCD) with the aid of Design Expert 7.0.0. The optimization 
was based on a fitted linear model analyzed through ANOVA with the normalized water 
flux maximized. The optimal solution was determined to be fructose with operating 
conditions at an osmotic pressure of 70 bar and a flow rate of 300 mL/min. The normalized 
water flux given these optimal conditions is predicted to be 1.437 LMH∙mm with a 
desirability of 0.768. 
 
Keywords: Bacterial cellulose, Draw solution, Forward osmosis, Sodium alginate, Water 
recovery  
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1.0  INTRODUCTION 
 
The Philippines continues to face several problems relating to 
water security due to its population increase, severe water 
pollution, and poor management over the years [1]. In a report 
by the Asian Development Bank, only 10% of the wastewater 
being discharged into bodies of water is being treated in the 
country [2]. Other countries in Asia and the Pacific also suffer 
from inadequate supply of clean water with 1.5 billion people 
living in rural areas and 0.6 billion in urban areas being affected 
[3]. With this demand for access to clean water, advances on 
wastewater technology have increased with membrane 
technology being one of the most important technologies in 
water treatment [4-5]. Majority have already been implemented 
in industries and the current filtration system being employed is 
reverse osmosis (RO). However, problems have risen from its 

usage due to its high energy requirement which is related to its 
nature as a pressure-driven filtration process [6]. Further 
research on water recovery and treatment has led to 
investigating forward osmosis (FO) which has shown potential in 
resolving the issues noted from reverse osmosis [5]. 

In FO, the osmotic pressure difference between the FS and DS 
serves as the driving force for water to transport across a semi-
permeable membrane. The process takes advantage of the 
properties of the FS and DS, thus it is often considered to be less 
energy intensive which translates to lower costs in operation 
depending on the desired output. The process, however, would 
require an additional step if it were to produce pure water which 
makes it less desirable compared to other membrane separation 
processes [6-7]. 

Many studies have been conducted on the fabrication of FO 
membranes. This was brought about by earlier studies that 
utilized membranes constructed for RO which are not suitable 
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for the FO process due to their dense nature and thickness [8]. 
One study focused on fabricating a composite FO membrane by 
modifying bacterial cellulose (BC) with sodium alginate (BCA) [9]. 
BC as a membrane has been used in several applications in the 
medical field and food industry [10]. There are recent studies 
that also utilized BC in separation processes, specifically for 
forward osmosis and desalination [9, 11-12]. However, studies 
on the selection of DS and operating parameters suitable for a 
BC membrane are still relatively few and have yet to be further 
investigated.  

Selection of suitable DS is one major factor that greatly 
affects the water flux through the membrane and the cost-
effectiveness of the FO process. The main conditions for 
choosing a suitable DS include capability to produce high 
osmotic pressure, high availability, non-toxicity, and low-cost 
recovery [13-14]. Commonly used DS are inorganic salts and 
simple sugars wherein both compounds account for 20% of the 
total publications in Scopus for FO from the year 1999 to 2020 
[5]. Sodium chloride (NaCl) has become commonly used because 
of its high-water flux, low reverse solute flux, and low cost [15-
17]. In addition, other inorganic solutes such as multivalent salts, 
magnesium chloride (MgCl2), and magnesium sulfate (MgSO4) 

have significant advantages over monovalent salts due to their 
larger molecular size that reduce reverse solute fluxes [13, 16, 
18-19], and their ability to achieve higher osmotic pressures at 
the same molar concentrations. However, most multivalent salts 
cause high fouling on FO membranes and are costly to recover. 
This is where simple organics such as glucose [20], fructose [21], 
and sucrose [11] present an advantage as they are non-toxic and 
known to generate high osmotic pressure with minimal effect of 
reverse solute flux due to their large molecule size.  

There is a need for an extensive analysis of DS that would best 
compliment the BCA membrane to enhance its performance in 
FO for water recovery. In this study, three different DS namely, 
NaCl, MgCl2, and fructose, were tested to obtain their water flux 
at varying operating conditions. The operating parameters were 
set to osmotic pressures at 40, 55, and 70 bar and flow rates at 
200, 250, and 300 mL/min. Experimental runs as well as 
optimization of these operating parameters were conducted 
following face-centered central composite design (CCD). 
 
2.0  METHODOLOGY 
 
Materials 
 
The Acetobacter xylinum stock culture used in producing BC was 
purchased from the Department of Science and Technology - 
Advanced Science and Technology Institute (DOST-ASTI) in the 
Philippines. As for the DS, sodium chloride, magnesium chloride 
hexahydrate, and D-fructose were obtained from Loba Chemie 
Pvt. Ltd. (India). Calcium chloride dihydrate utilized for the 
simulated feed water was also from Loba Chemie. The soil was 
obtained from a local area in Makati, Philippines. The 
ammonium sulfate was obtained from HiMedia Laboratory Pvt. 
Ltd. (India). Glacial acetic acid (technical grade) was supplied 
from Merck (Germany) and sucrose from Techno Pharchem 
Haryana (India). The coconut water used for the culture medium 
was purchased in a local market in Manila, Philippines.  
 
 
 

Fabrication of Bacterial Cellulose-Alginate Membrane 
 
The composition of the culture medium used for the fabrication 
of the BC membrane is the same composition used in the studies 
conducted by Dang et al. and Suratago et al. [9, 22]. The culture 
medium was sterilized at 121 °C for 20 minutes before transfer. 
Pre-culture was prepared by adding 10 mL of A. xylinum mother 
liquor to 200 mL of culture medium. 

For the BC membrane formation, 4 mL of the A. xylinum pre-
culture was added to each petri dish containing 40 mL of culture 
medium. For 7 days, the inoculated culture medium was 
incubated using a MytempTM H2200 digital incubator at 30 ± 
2 °C under static conditions. After 7 days of incubation, the 
formed membranes were placed under running water then 
treated with 0.2 N NaOH for 2 to 3 days until the membranes 
were stripped off of their excess proteins and have turned into a 
clear white color. After NaOH treatment, the membranes were 
washed with deionized water. The membranes were then stored 
at 4 °C while being immersed in deionized water until membrane 
modification. 

The modification of the BC membrane was based on the 
optimal conditions determined by Dang et al. [9] which are as 
follows: 2.44% (w/v) sodium alginate concentration at an 
impregnation temperature of 30 °C with crosslinking time of 2 
hours. The BC membranes were immersed in the indicated 
sodium alginate concentration for 5 days at a constant 
temperature of 30 °C. Afterwards, the membranes were 
crosslinked with 5%(v/v) CaCl2 solution for 2 hours. The 
modified membranes were then placed in petri dishes and air-
dried. 
 
Membrane Characterization 
 
The BCA membranes used in this study were characterized to 
confirm that they were identical to the optimal membrane 
determined by Dang et al. [9]. Samples from one batch 
underwent several tests to determine their properties, 
thermogravimetric analysis (TGA), Fourier-transform infrared 
spectroscopy (FTIR), and scanning electron microscopy (SEM) 
analysis. The hydrophilicity of the membrane was determined by 
measuring the contact angle through the sessile drop method. 
The thickness of each membrane used in each experimental run 
of the FO system was measured as well and taken into 
consideration when evaluating the results of the process. 
 
Production of Simulated Dirty Water 
 
The feed solution used for this study is simulated dirty water that 
is based on a study by Roy et al. [19]. Preparation of said solution 
is modified to fit a laboratory set-up wherein 1 kg of soil is added 
to 5 L of 0.4 M CaCl2 solution. The resulting solution was left to 
settle for 3 days then decanted to separate the soil particles 
from the dirty water produced. The simulated dirty water was 
then placed in a large plastic container for later use. 
 
Optimization of Forward Osmosis Parameters 
 
The FO experiment was conducted on a laboratory scale FO 
system, which is illustrated in Figure 1. Polyurethane tubing 
connects the FS and DS containers to the custom-made 
membrane module as well as two gear pumps. The flow of FS 
and DS are recirculated throughout each experimental run which 
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was conducted for 2 hours with FS and DS having an initial 
volume of 0.5 L each. Flow rates were set accordingly and kept 
constant in each experimental run. 
 

 
Figure 1 Schematic diagram of forward osmosis system 

 
The performance of a FO process is often evaluated by 

determining the water flux generated. For the calculation of 
water flux in this study, the change in mass, operation time, and 
the known effective area of the membrane were noted following 
Equation 1. However, the membranes prepared for this study 
varied in thickness, thus the water flux was normalized to an 
equal thickness of 1 mm, which is similar to the study of 
Chrzanowska et al. [23]. The normalized water flux is then 
calculated using Equation 2 and will be used to evaluate the 
performance of the process instead. 
 

 
(1) 

 
 

 (2) 
 
where Jw is the water flux in L/m2-h or LMH, ΔmFS is the change 
in mass of FS in g, ρw is the density of water in g/L, Am is the 
membrane effective area in m2, Δt is the duration of the 
experimental run in hr, JN,i is the normalized water flux in 
LMH∙mm, Ji is the partial flux in LMH, and d is the thickness of 
the membrane in mm. 

In addition to this, the change in mass of the FS was measured 
to determine the amount of water recovered by simple 
arithmetic means. The percentage of water recovered is 
calculated through Equation 3. 

 
 

 
(3) 

 
 
where mF,i and mF,f are the initial and final mass of the FS, 
respectively. 

Optimization of the FO process was done through central 
composite design (CCD) using the software Design Expert 7.0.0. 
The three factors chosen to be optimized are osmotic pressure, 
flow rate, and DS to achieve a desirable normalized water flux as 
the response variable. Experimental runs were designed 
following face-centered CCD resulting in Table A.3 in the 
Appendix. Lower and upper limit values, as well as the median 
of said values, were set for the numerical factors osmotic 

pressure and flow rate listed in Table 1. The estimated osmotic 
pressure of the FS was considered in determining the 
appropriate values for the osmotic pressure of DS. For flow rate 
of the FS and DS, the capabilities of the equipment used in the 
process were taken into account. Meanwhile, DS is a categoric 
factor consisting of the selected DS for this study which are NaCl, 
MgCl2, and fructose. 
 
Table 1 Parameters of osmotic pressure and flow rate of draw solutions 
 

Parameters Lower 
Limit 

Median Upper 
Limit 

Osmotic Pressure (bar) 40 55 70 
Flow Rate (mL/min) 200 250 300 

 
ANOVA was implemented prior optimization to assess the 

effect of each factor on the response variable and to see if the 
generated model is appropriate to use in optimizing the three 
factors. From the solutions provided upon optimization, the 
optimal operating parameters were chosen based on the 
practicality of each set of values as well as its desirability, a 
unitless value ranging from zero to one provided by the software 
that indicate whether or not the criteria for optimization were 
met. 

 
3.0  RESULTS AND DISCUSSION 
 
Membrane Selection and Characterization 
 
Out of 110 BCA membranes, the study used the best conditioned 
ones in terms of even thickness and less deformation. 
Beforehand, the results of the tests to determine their 
properties were evaluated in comparison with those used in the 
study of Dang et al. [9]. The fabricated membranes in this study 
were found to be much thicker, ranging from 0.3976 to 1.1077 
mm, compared to the membranes produced by Dang et al. which 
ranged from 38.3 μm to 67.6 μm. The membranes were also 
more hydrophilic, having a lower contact angle with an average 
value of 10.688° compared to the results of Dang et al. with the 
range of 28.39° to 32.97°. However, it is worth noting that the 
sessile drop method was used to measure the contact angle of 
the membranes. When this method was tested in comparison to 
the captive bubble method for RO membranes, it showed that 
the sessile drop method produced inconsistent values despite it 
commonly being used in numerous studies [24]. Nonetheless, 
the fabricated membrane in the study is hydrophilic similar to 
Dang et al. [9]. 
 

Figure 2 Surface morphology of optimal BCA membrane at magnification 
of (a) 5,000X and (b) 10,000X 
 
A SEM analysis shown in Figure 2 of the BC membrane prior to 
modification displayed a dense network of cellulose fibers, 
similar to the pristine BC membranes produced by Dang et al. as 
well as to the findings of Suratago et al. [9, 22]. In addition, a TGA 

Jw = 
ΔmFS

ρwAmΔt
 

JN,i = Ji ∙ d 

Water Recovery = 
mF, i - mF, f

mF, i
 ∙100% (a) (b)
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of the BCA membrane showed that its thermal decomposition 
was initially observed isothermally at around 32 °C with only a 
small decrease in its weight as shown in Figure 3a. In Figure 3b, 
its sudden drop in weight is estimated at around 128 °C with a 
maximum value for its derivative weight change observed to be 
at 6.9 %/°C. Other studies observed the initial weight loss of their 
BCA sample to be at 33-150 °C attributing to the loss of water 
molecules and having a pronounced weight loss at 260-370 °C 
due to the degradation of BC and sodium alginate [25-26]. 
However, for the BCA membrane in this study, only minimal 
changes of the weight were observed within the range of 300 to 
800 °C. 
 

Figure 3 (a) Thermogravimetric analysis data of the BCA membrane and 
(b) derivative weight change data of the BCA membrane 
 

Results of the FTIR spectrum for the BCA membrane indicated 
the presence of hydroxyl and carboxyl groups as shown in Figure 
4. At a wavenumber of 3372.54 cm-1, a strong absorption bond 
attributed to O-H stretching vibration was observed, similar to 
the results obtained by Dang et al. and Suratago et al. [9, 22]. 
 

 
Figure 4 Absorbance of the BCA membrane 

 
Evaluation of Draw Solutions on Forward Osmosis Performance 
 
The effects of osmotic pressure, flow rate, and type of DS were 
evaluated on the lab-scale FO system using the fabricated BCA 
membrane with normalized water flux as the response variable. 
The FS used was simulated dirty water containing 0.4 M CaCl2 
that generated an osmotic pressure around 29 bar. This study 
did not consider the effect of temperature and was kept 
constant at room temperature. Since the fabricated BCA 
membranes varied in thickness, the water flux was normalized 
to an equal thickness of 1 mm, like that of Chrzanowska et al. 
using Equation 2 [23]. The three selected DS, NaCl, MgCl2, and 
fructose, were investigated at three flow rates (200, 250, and 
300 mL/min) and osmotic pressures of 40, 55, and 70 bar. 
Effects of Osmotic Pressure 
 

The results as shown in Figure 5 represent the normalized water 
flux for each DS at different osmotic pressure and flowrate. 
Fructose generated a relatively high-water flux ranging from 1.1 
to 1.7 LMH∙mm at either level of osmotic pressure in comparison 
with the inorganic salts. However, though not evident, the 
performance of fructose tends to decrease when osmotic 
pressure was increased, particularly at low flow rates. The most 
probable cause for this would be the lowering of driving force at 
the membrane due to DS dilution. This phenomenon is called 
dilutive external concentration polarization (ECP) and it is a type 
of concentration polarization (CP) wherein permeate from the 
FS enters the draw side and dilutes the DS which in turn lowers 
the net driving force at the membrane thereby lowering the 
water flux [27, 24]. Dilutive ECP has been studied to be very 
significant under system conditions where the FS is non-pure, 
has a low flowrate, and high water flux [28-30]. There are other 
types of CP such as internal concentration polarization (ICP), 
which occurs in the internal structure of the membrane having 
an active layer and support layer, but since the structure of BCA 
in this study does not contain those layers, ICP does not apply. 
Another possibility of the water flux lowering for all solutes could 
be fouling occurring at the FS side of the membrane. Increasing 
the osmotic pressure induces higher water flux, but also 
promotes rapid fouling deposition at the membrane [31-32]. As 
shown in Figure A.1 in the appendix section, soil and dirt 
particles were seen deposited at the FS side of the membrane 
after each run and was observed more evidently at 55 and 70 
bar. These particles may have blocked the pores of the 
membrane and hindered permeate from passing through. 
Though it may not have affected the flux significantly from the 
results, this should not be ignored when long-term operation is 
conducted as fouling increases over time [33]. 

For NaCl and MgCl2 (Figure 5a and 5b), both had a positive 
response and observable trend when osmotic pressure was 
increased, performing best at 70 bar. A possible reason for this 
behavior may be due to the salt rejection performance of the 
membrane preventing reverse solute diffusion (RSD). Increased 
osmotic pressure means increased DS concentration and water 
flux, but also increasing the risk of RSD [34]. RSD occurs when 
ions or molecules from the DS side permeate through the FS side 
and triggers loss of solute concentration in the DS and fouling at 
the feed side of the membrane which results to lowering 
permeate flux [34-35]. However, since the salt selectivity was 
effective with the BCA membrane, less ions hindered the water 
from permeating the membrane. The salt rejection for the BCA 
membrane used in this study was not measured. However, Dang 
et al. has reported that the BCA membrane had a high salt 
rejection with a value of 98.36% which is comparable with 
commercial membranes [9]. Moreover, Suratago et al. also 
utilized a BCA membrane in the pervaporation of an ethanol-
water system, observing that the BCA membrane also exhibited 
high salt rejection [22]. 
 
Effects of Flowrate. 
 
The effect of flowrate was evaluated using an FO system that 
had a cross-flow design pattern and the flowrate was equally set 
for both FS and DS. With the trend for each level (200, 250, and 
300 mL/min) illustrated in Figure 5, it can be observed that the 
greatest water flux was obtained at 300 mL/min. Moreover, the 
effect of increasing the flowrate was more effective on the 
inorganic solutes than fructose. This is to be expected since it is 

(a) (b)
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generally known that water flux increases at increased cross-
flow velocities (CFV) [36]. Due to the turbulent flow of both FS 
and DS, the effect results to enhanced mixing and levels of 
concentration difference at the membrane, mitigating ECP [24, 
37]. This only affects ECP and not ICP since ECP primarily 
depends on the change in mass transfer coefficient and the 
concentration profile in the boundary layer [24]. This is 
attributed to film theory where, by changing the flow rate, a 
change in the thickness of the mass transfer boundary layer 
found at the membrane surface would be observed. At higher 
flow rates, this boundary layer becomes thinner which result in 
an acceleration of mass transfer [7, 38].  

 
 

Figure 5 Normalized water flux with respect to osmotic pressure 
at different flow rates for (a) NaCl, (b) MgCl2, and (c) Fructose 
 
Suh & Lee [36] observed this from the model that they 
developed on water flux prediction considering ECP and it 
showed that at higher CFV, the dilutive ECP decreased from 

32.5% to 15.5%. Furthermore, increasing the flowrate also 
improves removal of foulants due to the high shear stress 
occurring on the membrane surface allowing for a much thinner 
and loose fouling layer [6]. This may have also contributed to the 
improvement of water flux mainly for NaCl and MgCl2. Similar 
results have also been observed by Ryu et al. where the 
increased CFV was able to effectively reduce organic foulants in 
FO for algae dewatering [20]. 
 
Effects of Type of Draw Solution 
 
Aside from flowrate and osmotic pressure, the FO process is 
easily affected by the properties of the chosen DS, thus careful 
selection of an appropriate DS could significantly improve its 
performance. In Figure 6, all solutes exhibited different reactions 
to the changes in osmotic pressure and flowrate. Fructose 
showed minimal changes but was able to produce a relatively 
high flux on either level of set conditions which presents an 
advantage for an FO process operated at low osmotic pressures 
and flowrates. Although it must be noted that high 
concentrations of fructose would not be favorable since the 
viscosity of the DS would be increased which makes the solution 
more difficult to pump and would require more energy [39]. This 
may have been the cause of the slight drop of water flux drawn 
by fructose at 70 bar despite increasing flowrate. Herron, et al. 
[40] had similar findings when high fructose corn syrup was used 
as DS in coffee production and confirmed a linear decrease in 
flux when DS concentration was increased. Furthermore, it was 
also observed that high corn fructose syrup had no back 
diffusion and indicated no significant fouling [40]. Despite the 
viscosity, the main advantage of simple sugars is their low RSD 
and non-toxicity which is advantageous for FO applications in the 
food industry [39].  

NaCl had a gradual increase in performance directly 
proportional to the flowrate and osmotic pressure showing a 
notable trend at 70 bar. On the other hand, MgCl2 performed 
poorly at lower levels of osmotic pressure and declined when 
flowrate was increased. However, it improved greatly at 70 bar 
having a similar behavior with NaCl. These findings suggest that 
both solutes work best at higher osmotic pressures and 
increased flowrates, but just as mentioned previously, higher 
osmotic pressure entails a risk of high RSD. Inorganic solutes 
have been commonly used as DS due to their low-cost and 
availability but have a disadvantage of showing high RSD even at 
low DS concentration due to their small molecular size [41]. 
Monovalent salts such as NaCl show high reverse solute flux 
(RSF) which have effects of lowering driving force and increased 
fouling on feed side [8]. Sea salt, mostly comprised of NaCl, was 
compared with glucose as DS in the study of Ryu, et al. [20] and 
was found that sea salt exhibited high RSF of 10.4 g/m2/h than 
glucose with 4.2 g/m2/h. Divalent salts, like MgCl2, have reduced 
RSD compared to NaCl due to their larger radii of hydration [13]. 
This may have been the effect seen in the gathered data where 
MgCl2 generated higher water flux than NaCl overall due to their 
greater electrostatic interaction between the membrane and 
feed solution which in turn enhanced the salt selectivity. A 
similar result was observed by Wu et al. [42] when NaCl and 
MgCl2 were evaluated using a thin-film composite (TFC) 
membrane with Milli-Q water as the feed and showed that Mg2+ 
had a lower reverse salt flux than Na+ due to enhanced 
electrostatic interaction. 
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Figure 6 Normalized flux at varying flow rates and draw solution at (a) 

40 bar, (b) 55 bar, and (c) 70 bar osmotic pressure 
 
 
Water Recovery Performance 
 
Low water recovery values were obtained due to the short 
duration of each run of the FO process which only lasted for 2 
hours. However, based on this short duration, fructose had 
higher water recovery values compared to those of NaCl and 
MgCl2. At an osmotic pressure of 70 bar and flow rate of 300 
mL/min, the choice of fructose as the DS resulted in a water 
recovery of 3.11%, the highest value calculated from the 
gathered data. In comparison, NaCl and MgCl2 with the same 

operating parameters resulted in water recovery values of 1.72% 
and 2.62%, respectively. 
 
Optimization of Forward Osmosis Operating Parameters 
 
Based on CCD with two numeric factors (osmotic pressure and 
flow rate), one categoric factor (DS), and one response variable 
(normalized water flux), a total of 39 experimental runs were 
conducted following the randomized order set in the software 
used, Design Expert 7.0.0. Data gathered from the experiment 
were inputted into the software then analyzed through CCD 
which resulted to a linear model suggested to be the best fit for 
the entered data. Initially, the resulting ANOVA table and 
residual plot showed 2 data points to be significant and were 
considered outliers. Thus, only 37 out of a total of 39 data points 
were considered in the optimization of the operating 
parameters. 

Exclusion of the 2 outliers resulted in a better linear model 
fitting. From the ANOVA table presented in Table A.1, osmotic 
pressure and flow rate did not have a significant impact on 
normalized water flux, however DS had a more substantial 
influence compared to the other 2 factors. With this, 
optimization of the operating parameters was conducted by first 
setting the constraints. Normalized water flux was desired to be 
maximized with its lower and upper limit values obtained from 
the experimental data. Osmotic pressure and flow rate were also 
restricted within the range of the lower and upper limits that 
were set beforehand while DS only included those used in this 
study. 

In Figure 7, a 3D surface response to osmotic pressure and 
flow rate was constructed for each solution. These responses 
showed that the normalized water flux has no significant 
changes with respect to osmotic pressure and flow rate, as found 
from the results of Table A.1, however the DS itself has a 
significant effect on the resulting normalized water flux. The 3D 
surface response for fructose shows the highest predicted range 
of normalized flux from about 1.35 to 1.45 LMH∙mm as seen in 
Figure 7c. Its range of predicted values is of greater value 
compared to that of NaCl and MgCl2 which are estimated to be 
in the range of 0.75 to 0.85 LMH∙mm and 1.0 to 1.2 LMH∙mm, 
respectively. 

 
 

Table 2 Solutions for Three Combinations of Categoric Factor Levels 
 

Solutio
n 

Osmoti
c 

Pressur
e (bar) 

Flow 
Rate 

(mL/min
) 

Draw 
Solution 

Normalize
d Water 

Flux 
(LMH∙mm) 

Desirabilit
y 

1 70.0 300.0 Fructos
e 1.437 0.768 

2 70.0 300.0 MgCl2 1.129 0.510 
3 70.0 300.0 NaCl 0.826 0.257 
4 69.7 300.0 NaCl 0.825 0.256 

 
 
In addition, four solutions were provided by the software for 

the optimization of the collected data, shown in Table 2, with the 
solution having a high desirability of 0.768 deemed as the 
optimal choice. Therefore, the optimal operating parameters 
resulted with fructose as the DS and the osmotic pressure and 
flow rate set to 70 bar and 300 mL/min, respectively. A 
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normalized water flux of 1.437 LMH∙mm is predicted given the 
optimal values for the factors. 
 

 
Figure 7 Normalized water flux 3D surface response to flow rate and 
osmotic pressure for (a) NaCl, (b) MgCl2, and (c) fructose 
 
4.0  CONCLUSION 
 
The FO performance using the optimal BCA membrane was 
evaluated by considering three factors: osmotic pressure, flow 
rate, and type of DS. Osmotic pressure and flow rate did not have 
a substantial influence on the normalized water flux, however 
the type of DS, and in turn their properties, significantly affected 
the performance of the process. Optimization through CCD 
resulted in four solutions among which fructose at an osmotic 
pressure of 70 bar and flow rate of 300 mL/min were deemed as 
the optimal operating conditions when using BCA membrane for 
the FO process. With these optimal conditions, the normalized 
water flux is predicted to be 1.437 LMH∙mm. To further examine 
the validity of this result, a confirmation run and duplication of 
this experiment are recommended for future studies who plan 
to further investigate and improve upon the results of this study. 
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Appendix 
 

Table A.1 Final ANOVA table of the linear model for normalized water flux 
 

Source Sum of Squares df Mean Square F Value p-value 
Prob > F  

Model 2.39 4 0.60 10.34 < 0.0001 significant 
  A: Osmotic Pressure 0.025 1 0.025 0.44 0.5119  
  B: Flow Rate 0.002984 1 0.002984 0.052 0.8217  
  C: Draw Solution 2.31 2 1.16 20.01 < 0.0001  
Residual 1.85 32 0.058    
  Lack of Fit 1.00 20 0.050 0.71 0.7623 not significant 
  Pure Error 0.85 12 0.071    
Total 4.24 36     
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Table A.2 Corresponding Concentrations of the Draw Solutions 
 

Draw Solution 
Concentration (M) 

Lower Limit Median Upper Limit 
NaCl 0.8 1.1 1.4 

MgCl2 0.5 0.7 0.9 
Fructose 1.6 2.2 2.8 

 
Table A.3 Design of Experiment for Optimization 

 

Standard Order Run Order Factor 1  
A: Osmotic Pressure (bar) 

Factor 2  
B: Flow Rate (mL/min) 

Factor 3  
C: Draw Solution 

15 1 70.0 200 MgCl2 
39 2 55.0 250 Fructose 
36 3 55.0 250 Fructose 
18 4 40.0 250 MgCl2 
32 5 70.0 250 Fructose 
8 6 55.0 300 NaCl 

26 7 55.0 250 MgCl2 
12 8 55.0 250 NaCl 
5 9 40.0 250 NaCl 

10 10 55.0 250 NaCl 
31 11 40.0 250 Fructose 
14 12 40.0 200 MgCl2 
33 13 55.0 200 Fructose 
20 14 55.0 200 MgCl2 
1 15 40.0 200 NaCl 
2 16 70.0 200 NaCl 

27 17 40.0 200 Fructose 
38 18 55.0 250 Fructose 
7 19 55.0 200 NaCl 
3 20 40.0 300 NaCl 

21 21 55.0 300 MgCl2 
11 22 55.0 250 NaCl 
30 23 70.0 300 Fructose 
37 24 55.0 250 Fructose 
6 25 70.0 250 NaCl 

24 26 55.0 250 MgCl2 
16 27 40.0 300 MgCl2 
23 28 55.0 250 MgCl2 
19 29 70.0 250 MgCl2 
4 30 70.0 300 NaCl 

13 31 55.0 250 NaCl 
25 32 55.0 250 MgCl2 
29 33 40.0 300 Fructose 
9 34 55.0 250 NaCl 

28 35 70.0 200 Fructose 
22 36 55.0 250 MgCl2 
17 37 70.0 300 MgCl2 
35 38 55.0 250 Fructose 
34 39 55.0 300 Fructose 

 

 
Figure A.1 BCA membrane (a) before and (b) after the FO proces

 


