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ABSTRACT

Polyelectrolyte multilayer films are currently used to modify the permeation and rejection properties
of thin-film composite membranes (TFC). In this paper, response surface methodology was used
to study the effect and synergies between interactive parameters essential for modification of the
TFC membrane. TFC membranes were prepared using m-phenylenediamine and trimesoyl chloride
and modified by spin-assisted layer-by-layer (LbL) technique using polyethyleneimine (PEI) and
polyallylamine hydrochloride as the deposition polyelectrolytes. The Box-Behnken design of exper-
iment (DOE) was applied to investigate the effect of preparation conditions (number of deposited
layers, pH, the concentration of the polyelectrolyte solutions) on the performance of the modified
reverse osmosis (RO) membranes. It was found that under saline feed conditions, higher permeate
flux favors higher pH and higher PEI concentration, while salt rejection favors a similar concentra-
tion of both polyelectrolytes. In addition, the PEI concentration was found to have a stronger effect
on the permeate flux than that of the number of bilayers since it enhanced the hydrophilic functional
groups on the membrane surface. Analysis of variance results indicated that the developed models
adequately represent the relationship between the studied variables. Optimization of the preparation
conditions revealed that both polyelectrolytes must be used at their maximum concentration at a pH
of 7.8 with 50 bilayers of the coating. The confirmation run showed a close correlation between the
prediction using the DOE and the actual experimental data. This study demonstrated the potential
application of DOE to the optimization of LbL RO membrane preparation conditions.

Keywords: Desalination; RO membrane modification; Polyelectrolytes; LbL; Response surface
methodology

1. Introduction

Approximately 0.8% of all water available on earth is
considered to be fresh groundwater and it is not sufficient
to fulfill the needs of safe drinking water [1]. The lack of
clean drinking water is becoming an alarming condition
all around the world [2]. According to the World Health
Organization, more than 1.1 billion people did not have
access to drinking water facilities [3].

* Corresponding author.

The best solution to overcome water scarcity is desalina-
tion [4,5] which can be divided into two leading categories;
thermal or membrane processes. Thermal desalination
consumes heat and provides freshwater in the form of
distillate. 50% of the world’s desalination capacity is
present in the Middle East and mostly uses the thermal
multi-stage flash (MSF) technology [6].

However, reverse osmosis (RO) requires lower energy
(2-3 kWh/m?®) for seawater desalination [7] compared to the
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high demand of 15.5 kWh/m? for MSF. This explains why
at present, desalination plants outside the Middle East are
mainly based on RO technology. By the end of 2014, the mar-
ket value for RO equipment and membranes was around
$5.4 billion [8]. However, the demand for major components
of RO water treatment systems is expected to grow from
$11.7 billion in 2020 to $19.1 billion by 2025 [9]. The drive
behind this expansion is that the consumption of energy
has been reduced significantly during the last few years for
the RO processes along with the development of new and
effective membranes [10].

Thin-film composite (TFC)-RO membranes are asym-
metric multilayer films in which the common active poly-
amide layer is synthesized by interfacial polymerization.
The preparation conditions of the membranes greatly affect
their structure and eventually their performance in terms
of flux and salt rejection. The properties and performance
of the TFC membrane can be enhanced by several methods
including the layer-by-layer (LbL) assembly of polyelectro-
lytes. It is a commonly used technique for surface modifica-
tion due to its simplicity, robustness, and control over the
membrane thickness. Many researchers have utilized the
LbL for membrane modification to get improved perfor-
mance [11-14].

Malaisamy et al. [11] modified the polyamide mem-
brane by using poly(diallyl-dimethylammonium chloride)
and poly(styrene sulfonate) (PDADMAC/PSS) pair of poly-
electrolytes and noticed that the permeate flux decreased
from around 42 to 21 L/m? h when the number of layers
increased from 4 to 8. On the other hand, the permeate flux
of the modified membrane was still 30% higher than that
of the commercial BW30 RO membrane. The loss in perme-
ate flux was solely due to the increase in the thickness of
the membrane. Sulfate ions were completely rejected but
the rejection of fluoride ions through the unmodified mem-
brane was 50%, which increased considerably to 70% by
coating 8 bilayers. The difference in salt rejection between
these ions is due to their difference in hydration energies
which is highest for sulfate ions.

Park et al. [12] used the LbL assembly of poly(allylamine
hydrochloride) and poly(acrylic acid) for the coating of
negatively charge polysulfone substrate. The desalination
performance of the coated membranes was investigated at
20 bars with 2,000 ppm NaCl feed solution. The membrane
with 20 polyelectrolyte multilayers achieved a permeate
flux and salt rejection of 7 L/m” h and 81%, respectively.
Although the polyelectrolyte membranes provided good salt
rejection, the permeate flux was low.

Wang et al. [13] studied the behavior of polyamide RO
membrane by depositing poly(ethylene glycol) acrylate
multilayers. Permeation tests were performed using artifi-
cial seawater with 30.83 g/L NaCl and 1.11 g/L CaCl, under
55 bar. They achieved a rejection of up to 94% by deposit-
ing one and two bilayers. The increased salt rejection was
relatively small which indicates a thin coating. The hurdle
in achieving 99% rejection as expected in commercial RO
membranes was due to higher concentration polarization
in the arrangement of dead-end cell apparatus.

Ishigami et al. [14] deposited PSS/polyallylamine
hydrochloride (PAH) on the commercial RO membrane and
tested it under NaCl concentration of 500 mg/L. With 6 layers,

the obtained permeate flux was around 3.1 L/m?h atm which
decreased to 2.5 L/m? h atm by coating 12 bilayers. This was
due to an increase in hydrodynamic resistance in the poly-
electrolyte multi-layered RO membrane. The salt rejection,
however, was improved from 98% to 99.4%.

The effect of various LbL key parameters on the per-
formance of the membranes is discussed in detail in a
comprehensive review [15]. However, the synergistic effect
of multiple parameters on the performance of the RO mem-
brane is limited in the literature. To study the effect of
multiple factors simultaneously on the performance of the
membranes, the design of experiment is necessary to reduce
the number of required experiments and to end up with a
statistical conclusion that describes the effect of multiple
factors.

Response surface methodology (RSM) consists of
designs and models that can deal with a response at a
continuous scale and the objective implicates to find the
optima. Then, the objective is accomplished by developing
a statistically designed sequence of experiments. Therefore,
RSM is considered as a handy tool for modeling and anal-
ysis of problems to evaluate the individual and interactive
relationship between factors and responses. In this study,
RSM is selected to investigate the synergistic effect of multi-
ple preparation conditions on membrane performance and
to determine the optimum conditions [16]. Box—Behnken
design is a second-order design consisting of a collection
of mathematical and statistical techniques that are useful
for the modeling and analysis of problems. In Box-Behnken
design, a response of interest is influenced by many input
process variables and then objective involves optimizing
that response. This optimization route starts with problem
identification, determining the range of process parame-
ters, then set of statistically designed experiments are per-
formed followed by the data analysis [17]. The analysis of
variance (ANOVA), associated with the data analysis, is
a systematic way to figure out and study the significant
variables affecting the response that is to be optimized [18].

Khayet et al. [19] used a RSM to develop predictive
models for the optimization of operating conditions for the
reverse osmosis desalination process. The polyamide TFC
membranes were tested in the presence of model solutions
of NaCl at brackish (6 g/L) and seawater (30 g/L) concen-
trations. ANOVA test showed that feed salt concentration
and the operating pressure was found to be a significant
parameter on the RO performance index (salt rejection
times permeate flux) whereas the influence of feed flow rate
was found to be negligible. Optimum operating conditions
yielded 99.98% salt rejection at an optimum pressure of
13.5 bar.

Razali et al. [20] investigated the interaction and opti-
mization of the operating variables to improve the structure
and performance of polyethersulfone membranes using the
central composite design of the response surface method.
A strong interaction was found among the input variables
including, polyaniline nanoparticles concentration and
evaporation time during the casting process. Regression
analysis generated the optimal point and experimental
results showed only a 6% deviation from the optimum point.

To the best of our knowledge, no paper was found in the
literature that used the design of the experiment to relate
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the LbL preparation conditions with the performance of the
membrane. Most of the previous work investigated factors
one at a time and neglected the synergetic effect of those
parameters or the effect of interacting parameters. Lack of
models that can describe the effect of multiple LbL factors
on the performance of the membranes was also a motiva-
tion for this work. Therefore, the objective of this paper is
to systematically study the LbL modification of RO mem-
branes using the design of the experiment. The combined
effects of preparation conditions (number of bilayers, con-
centration, and pH of the polyelectrolyte solutions) on the
performance of the membrane will be investigated and
modeled using the RSM.

2. Experimental setup
2.1. Materials

All chemicals were purchased from Sigma-Aldrich
(USA). Polysulfone (PS) pellets with a molecular weight
of 35 kDa were used for the preparation of PS support.
Dimethylacetamide was used as a solvent for the preparation
of PS support over non-woven polyester fabric (Novatexx
2413, Freudenberg Filtration Technologies, Germany).
m-phenylenediamine (>99%) and trimesoyl chloride (>98%)
were used for the preparation of the polyamide mem-
brane. Polyethyleneimine (PEI) with a molecular weight of
25,000 g/mol (<1% water) and PAH with a molecular weight
of 120,000-180,000 g/mol was used for LbL coating. Sodium
chloride (>99.5%) was used to prepare the brackish water
during membrane testing.

2.2. Fabrication and modification of the polyamide RO membrane

The TFC RO membrane was fabricated on top of PS sup-
port. The support was prepared through the phase inver-
sion process and the polyamide membrane was prepared
through interfacial polymerization. Moreover, the poly-
amide RO membrane was modified using PEI/PAH pair
of polyelectrolytes via a spin-assisted LbL technique. The
membrane fabrication and its modification procedure are
explicitly described in our previous publication [21].

2.3. Experimental design

The software Design-Expert 7.0 (State-Ease Inc., USA)
was used for scheduling and optimization of the exper-
iments with the Box-Behnken design. ANOVA test was

Table 1
Independent factors with actual and coded levels

performed to find the significant factors/interactions using
the probability p-value. The suitability of the model was
expressed by the coefficient of determination (R?), adequate
precision, and F-test.

In this study, four independent factors were selected
including the number of layers, pH, the concentration of PEI,
and the concentration of PAH. Pure water flux, saline water
flux, and salt rejection (%) were studied as responses. The
input factors with their coded and actual values are given
in Table 1. The design layout of 29 experiments to study the
LbL-modified membranes based on the Box-Behnken model
is shown in Table 2.

A second-order model was selected to describe the
responses as a function of the coded factors:

n-1 n

Y, =b,+ Zn:bix[ + ib[ixf + Z Zbijxixj 1)
i=1 i=1

i=1j=i+1

In this equation, Y is the predicted response (pure water
flux, saline water flux, rejection), b, is the intercept term,
linear and second-order polynomial coefficients are repre-
sented by b, and b, respectively. Interaction terms are given
by b, whereas x, and x, are the coded independent variables.
The relationship between the coded factors and the actual
values are given by the following equations:

R @
x, =228 ©)
x =€ —9310 @
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2.4. Desalination experiments

The filtration experiments were conducted in a cross-
flow apparatus using Sterlitech CF-042 membrane cell (USA)
as shown in Fig. S1 with an effective membrane area of
42 cm? Fig. 1 shows a schematic diagram of the test unit

Independent factor Symbol Coded values
Actual Coded -1 0 +1
Actual values
Number of layers A X, 5 27.5 50
pH B X, 4 6 8
Polyethyleneimine, (mg/L) C X, 20 110 200
Poly(allylamine hydrochloride), (mg/L) D X, 20 110 200
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Table 2
Experimental design layout by design expert

Run X, X, X, X,

1 27.5 8 20 110
2 50 6 110 200
3 27.5 6 110 110
4 5 6 200 110
5 5 6 20 110
6 50 6 110 20

7 27.5 6 110 110
8 27.5 8 110 200
9 5 8 110 110
10 275 4 200 110
11 275 4 110 20

12 50 8 110 110
13 27.5 4 110 200
14 27.5 6 200 200
15 27.5 8 200 110
16 50 6 20 110
17 5 6 110 20

18 27.5 8 110 20

19 50 4 110 110
20 27.5 6 200 20

21 27.5 6 110 110
22 50 6 200 110
23 275 6 110 110
24 5 4 110 110
25 5 6 110 200
26 275 6 20 200
27 27.5 4 20 110
28 27.5 6 20 20

29 27.5 6 110 110

which consists of a feed tank, pump, bypass and feed control
valves, membrane assembly, and pressure gauges.

The filtration experiments were performed at a tem-
perature of 23°C + 2°C which was controlled using a chiller
(Proline RP 1845, Lauda, Germany). Permeate flux was
recorded for 2 h of continuous operation at 15 bar. The per-
meate flux was calculated using the following relation:

14
I W (6)

where ] is the volumetric flux (L/m*h), A is the active mem-
brane area (m?), t is the permeation time (h), V'is the permeate
volume (L).

The apparent NaCl rejection was calculated by the fol-
lowing relation:

C
Ry = [1 - C*’] x 100 @)

f

where R, is the salt rejection (%), C, is the feed salt con-
centration (mg/L); C is the concentrations of salt in the
permeate (mg/L).

3. Results and discussion

The surface and cross-sectional morphologies of the
membranes were studied by TESCAN field-emission scan-
ning electron microscopy (Model JSM6400, Czech Republic).
The typical ridge and valley structure of the polyamide RO
membranes can be seen in Fig. 2a. The surface morphology
is rough and non-uniform which is the result of interfacial
polymerization [21-23]. It occurs due to the fast and uncon-
trolled reaction at the interface during the process of polym-
erization [24]. The active barrier layer is present on the
membrane surface in an irregular manner. However, after
the deposition of the polyelectrolyte solution on the mem-
brane surface, an obvious disparity in surface morphology
is observed as shown in Fig. 2c. With only 5 bilayers, the
surface becomes fairly smooth compared to the un-modified
RO membrane. The polyelectrolyte solutions penetrated the
rough, ridge and valley parts of the membrane that caused
the smoothness of the membrane surface. This feature is
even more noticeable in the case of 27.5 and 50 bilayers as
shown in Figs. 2c and d; respectively. By increasing the num-
ber of coating layers, an increase in smoothness is observed
as indicated by the root mean square roughness (R ) in
Table 3 [21]. More coating layers mean more deposition
of polyelectrolytes solutions. The addition of the solution
in the ridge and valley structure of the membrane surface
will minimize the risk of deposition of foulants. Reducing
the foulants will improve the performance of the modified
membranes in terms of permeate flux and salt rejection [14].

The instability of physisorbed polyelectrolyte films is
a major drawback for modified membranes. This instabil-
ity is due to changes that may occur either to the operating
conditions (T, P, Reynolds number,...), feed properties
(composition, ionic strength, pH,...), surface charge, or
even displacement of the polyelectrolyte polymer by
adsorption of a competing compound [25,26]. However,
weak attachment of the polyelectrolyte to the membrane
surface (and later detachment from the surface) might
be useful in applications was fouling of the membrane is
a concern since the polyelectrolyte layer will be used as
a protective layer for the membrane and will be washed
away along with the fouling materials after some time from
the start of the operation [27].

The successful deposition of the polyamide barrier
layer is visible in the cross-section image as shown in
Fig. 2b. The rough polyamide structure is in agreement
with the findings of Jeong et al. [28] and the estimated
thickness of the active layer (265 nm) is comparable with
that reported by Pacheco et al. [29]. The effect of bilayer
deposition is demonstrated in Figs. 2d, f, and h. By increas-
ing the number of layers, the thickness of the barrier layer
increased as shown in Table 3. The deposition of 50 polyelec-
trolyte multilayers developed a membrane of approximately
twice the thickness of that coated by 5 bilayers. However, the
thickness was lower than that reported by Seo et al. [30] using
the LbL assembly of poly(ethylene oxide) and poly(acrylic
acid) (PEO/PAA). An increase in the active-layer thickness
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Fig. 1. Schematic diagram of the cross-flow filtration apparatus.
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Fig. 2. Surface (a,c,e,g) and cross-section (b,d,f,h) images of the unmodified membrane (a,b) and modified membranes: 5 bilayers (c,d),
27.5 bilayers (e,f), 50 bilayers (g,h).
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will contribute to increasing the resistance to water flow, and
hence, it will decrease the permeate flux through membranes.

Based on the experimental results of our Box-Behnken
design (Table 4), ANOVA tests were performed to identify
the significant factors according to the probability p-value. A
summary of ANOVA tests for the three responses is shown
in Table 5.

The coefficient of determination for the model, R? is a
measure of the fitting degree. A good fitting model should
have a coefficient of 80% [31]. Very good models were
obtained for the pure (Y,) and saline (Y,) permeate fluxes
where the R? values were 0.85 and 0.86; respectively. This
indicates that the models adequately represent the rela-
tionship between the studied variables. On the other hand,
the salt rejection model was not as good as the other mod-
els where the R? value is 0.76. However, the F-values for the
three models set off significantly from the unity which is an
indication that the models are significant. Adequate pre-
cision measures the signal to noise ratio which is required
to be greater than 4. The adequate precision for all models
reported here indicates an adequate signal. The p-value
(lower than 0.05) was used to determine the significant terms
in Eq. (1). After removing the insignificant terms from Eq. (1),
the response surface mathematical models were developed
for the three responses (pure water flux (Y,), saline water
flux (Y,), and salt rejection (Y,)) as shown in Egs. (8)—(10):

L
Y.
1[mz-h

J_ 235X, —1.34X, +12.6 ®)

Y,

2

(ZL] =-1.22X, +2.36X, —0.98X2 +12.10 ©)
m--h :

Y, (%) =1.87X, +1.6X; +1.67X; +90.5 (10)

Figs. 3-5 compare the predicted vs. actual values of
the three measured responses. It can be observed that the
model predictions were close to the actual experimental val-
ues with a little deviation of a few points. It is an indication
that the developed models were productive in establishing
the relationship between the studied variables and the three
responses.

Residual analysis is also an effective model-validation
method that was used to check the suitability of the mod-
els. The normal plot of residuals (Figs. 52-54) showed that all
residuals lie on a straight line which indicates that residuals
followed a normal distribution and confirmed that there was
a good correlation between the experimental data and the
model prediction.

Table 3
Effect of bilayers on membrane thickness

Membrane Thickness (nm)  R__(nm)
Pristine polyamide membrane 265 119

5 bilayers membrane 282 86

27.5 bilayers membrane 393 64

50 bilayers membrane 567 42

3.1. Interactive effects of significant factors on responses

Three-dimensional surface plots showing the mutual
influence of the studied variables on permeate flux and salt
rejection are depicted in Figs. 6-10. The effect of number of

Table 4
Observed responses for each experiment run

Run  Permeate flux Permeate flux Salt rejection

(pure water feed) (saline water feed)

Y, (L/m?h) Y, (L/m?h) Y, (%)
1 10.13 8.77 93.5
2 11.71 10.20 95.0
3 12.64 12.10 90.5
4 15.11 14.15 90.5
5 10.42 9.06 90.5
6 10.73 9.62 94.0
7 13.27 12.71 91.0
8 12.42 10.49 94.0
9 13.35 12.49 88.0
10 11.90 10.14 93.0
11 11.00 10.00 91.5
12 11.20 10.28 95.0
13 12.85 10.92 93.0
14 15.81 14.50 96.0
15 14.21 13.40 92.0
16 7.84 6.46 94.0
17 14.27 12.74 90.5
18 9.89 8.96 92.0
19 11.39 9.75 94.5
20 15.28 14.18 96.0
21 13.27 12.71 91.0
22 13.06 12.49 94.5
23 12.01 11.50 90.0
24 15.11 13.14 93.5
25 13.70 11.85 91.5
26 9.49 9.24 90.5
27 9.92 8.84 93.0
28 9.42 8.13 95.0
29 12.01 11.50 90.0
Table 5

Summary of ANOVA test for fluxes and salt rejection

Response Y, Y, Y,

R? 0.85 0.86 0.76
Probability of error 0.0012  0.0007 0.0203
F-value 5.77 6.3 3.13
Probability of lack of fit 0.1063  0.1016 0.0161
Sum of squares 96.18 98.74 91.32
Mean square 6.87 7.05 6.52
Adequate precision 9.39 9.42 6.75
Significant terms X, X, X, X, X, X, Xg, Xi
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Fig. 4. Predicted vs. actual permeate flux under saline water
feed.

layers and PEI concentration on pure water flux at a fixed
concentration of PAH (110 mg/L) and a fixed pH of 6.0 is
shown in Fig. 6. It was observed that the pure water flux is
directly proportional to the PEI concentration and decreases
with the number of coated layers. Higher PEI concentration
has a strong effect on pure water flux since it will enhance
the hydrophilic functional groups on the membrane sur-
face that will promote water flow. By increasing the PEI
concentration from 20 to 200 mg/L, pure water flux was
increased from 10.42 to 15.11 L/m? h, which is an increase
of more than 31%. This indicates that PEI concentration has
a stronger effect on the water flux than that of the number
of bilayers. On the other hand, the pure water flux of the
unmodified polyamide membrane was 16 L/m? h which is
slightly higher than that of the modified membranes. The
decrease in permeate flux of the modified membrane is the
result of additional thickness on the polyamide membrane
surface that increases the resistance for mass transfer and
hence, the permeate flux.

Fig. 7 shows the effect of the number of layers and PEI
concentration on saline water flux at a fixed pH of 6 and a
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Fig. 5. Predicted vs. actual salt rejection.
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Fig. 6. Response plot of pure water flux (Y,) vs. the number of
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Fig. 7. Response plot of saline flux (Y,) vs. the number of
layers and PEI concentration (pH = 6; PAH = 110 mg/L).
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concentration of 110 mg/L PAH. It can be seen that a lower
number of layers and high PEI concentrations are in favor
of higher permeation flux. With 5 layers and PEI concentra-
tion of 200 mg/L, the permeate flux was at the maximum
of 14.15 L/m? h. This can be explained in terms of increas-
ing smoothness and hydrophilicity by depositing higher
PEI concentration. Unmodified polyamide membrane
showed apermeate flux of 8.1 L/m?* h which proved that
our polyelectrolytes successfully enhanced the membrane
performance in saline conditions.

A similar trend was observed when the effect of pH and
PEI concentration on saline flux (Y,) was studied as shown
in Fig. 9. It can be seen that under saline conditions, higher
pH and higher PEI concentration, favors higher permeate
flux.

Fig. 9 shows the effect of concentration of both poly-
electrolytes on salt rejection while keeping the pH and
number of layers constant. It shows some interesting behav-
ior that is different from the previous results. A similar
concentration of both polyelectrolytes favors salt rejection.
A more compact and dense structure is likely obtained at
these concentrations that have increased the salt rejec-
tion. For example, at 20 mg/L, the salt rejection was 95%
but when the concentration increased to 200 mg/L for
both polyelectrolytes, the salt rejection increased to 96%.
However, PEI has a dominant impact on salt rejection. The
salt rejection was 90.5% with 20 mg/L PEI but escalated to
96% by increasing the PEI to 200 mg/L (keeping the second
polyelectrolyte at a constant concentration of 200 mg/L in
both conditions). The macromolecules in dilute polyelec-
trolyte solutions are well stretched and dispersed, and the
membrane binding-sites are sufficient for the chains of PEI/
PAH polyelectrolytes. Therefore, a relatively loose skin
selective layer is formed on the membrane surface. However,
as the polyelectrolyte concentration increases, polyelectro-
lyte-stretching decreases due to the charge balance of the
counter-ion. Besides, more hydrophilic functional groups
will be present on the surface that will increase the water
adsorption and flux. Nonetheless, a further increase in
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Fig. 8. Response plot of saline flux (Y,) vs. the pH and PEI
concentration (layers = 27.5; PAH = 110 mg/L).

polyelectrolyte concentrations above a “critical concentra-
tion” will result in entanglement and aggregation of the
macromolecules that will lead to a dense and thicker layer
with lower permeation flux. In our experiment, it looks
that we did not reach this critical concentration while other
researchers reported it around 1,000 mg/L [32].

Fig. 10 shows the contour plot of salt rejection vs.
the number of layers and PAH concentration. It can be
seen that an increase in the layer number has a profound
effect on salt rejection compared to an increase of PAH
concentration. Around 90% salt rejection was achieved
by depositing five bilayers of polyelectrolytes at 20 mg/L
PAH. However, there was only a 1% increase in salt
rejection by increasing the PAH concentration up to 10
times. On the other hand, salt rejection increased to 95%
by depositing 50 bilayers of polyelectrolytes due to an
increase in thickness of the dense structure.
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Table 6

Optimum level predictions compared with the performance of the unmodified membrane

Constraint Optimum level Unmodified membrane
Number of layers 50 -
pH 7.8 -
PEI, (mg/L) 200 -
PAH, (mg/L) 200 -
Pure water flux, (L/m? h) 14.64 16.0
Saline flux, (L/m? h) 12.85 8.1
Salt rejection, (%) 99 95

Table 7

Comparison of the experimental and predicted responses of the optimum membrane
Response Experimental Predicted Error (%)
Pure water flux, (L/m? h) 12.28 14.64 16.12
Saline flux, (L/m? h) 11.56 12.85 10.04
Salt rejection, (%) 97 99 2.02

4. Response surface optimization

To optimize the membrane preparation conditions,
desired goals were set and all the input variables were taken
within the range while all the responses were set to the
maximum level. Inputs were set at a significance of 3 which
shows a medium satisfactory level. All responses were set
at high importance of 5 and the optimization was run for
30 cycles. All of these constraints are given in Table S4. The
overall desirability of the optimized solution was 0.873 (a
value close to unity is considered as good). The optimum
conditions of the independent variables and the predicted
responses are summarized in Table 6. It was revealed that
both polyelectrolytes must be used at their maximum con-
centration at a pH of 7.8 with 50 bilayers of polyelectrolyte
coating. By comparing the optimum membrane with the
unmodified membrane, it can be seen that although some of
the pure water flux was lost by adding polyelectrolyte layers
on the membrane surface, the compensation was achieved
in terms of higher saline flux and better salt rejection.

4.1. Confirmation run

Confirmation run was done by considering the opti-
mized conditions (50 layers were deposited at a pH of 7.8,
and a concentration of 200 mg/L of PEI/PAH). Experimental
values after the confirmation run and the predicted values
through response surface optimization along with the error
are shown in Table 7. Roughly speaking, a good agreement
was achieved between the prediction and the experimental
observations. However, the most important thing is that we
were able to optimize the preparation conditions such that
all three responses were maximized.

5. Conclusions

RSM was applied in this work to find the significant
parameters of the LbL assembly of polyelectrolytes for

tuning the properties of the modified membranes. The
most influential parameters on the salt rejection property
of the membrane were the number of layers and the con-
centration of both polyelectrolytes. ANOVA study showed
that the developed models have adequately represented
the relationship between the studied variables and the
responses. Optimization showed that both the polyelectro-
lytes must be used at their maximum concentration with a
pH of 7.8 to modify the existing polyamide layer with 50
bilayers. The confirmation run revealed that actual val-
ues are comparable to the predicted ones with an accept-
able margin of error. The predictive models will help to
tune the membrane modification recipe.
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Symbols

— Number of layers
— Active membrane area, m?
— Polynomial coefficient
Polyethylenemine concentration, mg/L
— Feed salt concentration, mg/L
— Concentrations of salt in the permeate,
mg/L
Poly(allylamine hydrochloride) concentra-
tion, mg/L
— Volumetric flux, L/m? h
Salt rejection, %
— Permeation time, h
— Permeate volume, L
Coded independent variable
— Predicted response
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Supplementary information

Fig. S1. Membrane assembly CF-042.
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Response Y,, permeate flux with pure water feed

35

ANOVA for response surface quadratic model

Analysis of variance table (partial sum of squares — type III)

Source Sum of squares DF Mean square F-value p-value Prob. > F
Model 96.18 14 6.87 5.77 0.0012
X, 214 1 214 17.98 0.0008
X, 0.077 1 0.077 0.065 0.8025
X, 66.08 1 66.08 55.52 0.0001
X, 2.42 1 2.42 2.04 0.1755
XX, 0.61 1 0.61 0.52 0.4842
XX, 0.07 1 0.07 0.059 0.8117
XX, 0.6 1 0.6 0.51 0.4885
XX, 1.1 1 1.1 0.93 0.3524
XX, 0.12 1 0.12 0.098 0.7593
XX, 0.052 1 0.052 0.044 0.8372
X2 0.034 1 0.034 0.029 0.8677
X2 1.56 1 1.56 1.31 0.2719
X2 2.25 1 2.25 1.89 0.191
X: 0.054 1 0.054 0.045 0.8342
Residual 16.66 14 1.19
Lack of fit 15.06 10 151 3.77 0.1063
Pure error 1.597696 4 0.399424

Table 52

Response Y,, permeate flux with saline water feed

ANOVA for response surface Quadratic model

Analysis of variance table (partial sum of squares — type III)

Source Sum of squares DF Mean square F-value p-value Prob. > F
Model 98.74115 14 7.052939 6.301014419 0.0007
X, 17.83641 1 17.83641 15.93484114 0.0013
X, 0.213333 1 0.213333 0.190589535 0.6691
X, 67.02413 1 67.02413 59.87858638 0.0001
X, 1.062075 1 1.062075 0.948845535 0.3465
XX, 0.3481 1 0.3481 0.310988518 0.5859
XX, 0.2209 1 0.2209 0.197349508 0.6637
XX, 0.540225 1 0.540225 0.482630774 0.4986
XX, 2.772225 1 2.772225 2.476673787 0.1379
XX, 0.093025 1 0.093025 0.08310746 0.7774
XX, 0.156025 1 0.156025 0.139390932 0.7145
X2 0.777659 1 0.777659 0.694751373 0.4185
X2 6.197878 1 6.197878 5.537112938 0.0338
Xz 3.223946 1 3.223946 2.880236062 0.1118
X2 1.762389 1 1.762389 1.574497537 0.2301
Residual 15.67068 14 1.119334

Lack of fit 14.20658 10 1.420658 3.881312752 0.1016
Pure error 1.4641 4 0.366025
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Table S3
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Response Y, salt rejection

ANOVA for response surface quadratic model

Analysis of variance table (partial sum of squares — type III)

Source Sum of squares DF Mean square F-value p-value Prob. > F
Model 91.31968 14 6.522835 3.133199 0.0203
X, 42.1875 1 42.1875 20.26447 0.0005
X, 1.333333 1 1.333333 0.640457 0.4369
X, 2.520833 1 2.520833 1.210865 0.2897
X, 0.083333 1 0.083333 0.040029 0.8443
XX, 9 1 9 4.323088 0.0565
XX, 0.0625 1 0.0625 0.030021 0.8649
XX, 0 1 0 0 1.0000
X, X, 0.5625 1 0.5625 0.270193 0.6113
X, X, 0.0625 1 0.0625 0.030021 0.8649
XX, 5.0625 1 5.0625 2.431737 0.1412
Xz 3.448761 1 3.448761 1.656589 0.2189
X2 5.45045 1 5.45045 2.618086 0.1280
X2 16.692 1 16.692 8.017889 0.0133
X: 18.01802 1 18.01802 8.654831 0.0107
Residual 29.14583 14 2.081845
Lack of fit 28.14583 10 2.814583 11.25833 0.0161
Pure error 1 4 0.25

Table 54

Optimization constraints
Name Goal Lower limit Upper limit Upper importance
Layers in range 5 50 3
pH in range 4 8 3
PEI in range 20 200 3
PAH in range 20 200 3
Pure flux maximize 7.84 15.81 5
Saline flux maximize 6.46 14.5 5
Salt rejection maximize 88 99.99 5




