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Results and Discussion

Correlation between the active layer characteristics and the performance of TFC RO
membranes consisting of support layers with distinct structures

Different characteristics of the support layers can induce the different active layer
characteristics such as roughness and thickness by changing the diffusion rate of MPD* and
consequently the formation of an active layer with a different permeability, resulting in
differences in RO performance. Thus, we first examined the correlation between the active
and support layer characteristics of the as-prepared TFC membranes regarding the thickness,
roughness, and the degree of cross-linking of the active layer, as has been discussed
previously by Lee.? The above three characteristics are known to affect the RO flux.>® Also,
the contact angle was measured to determine the surface chemistry effect of the active layer
on the water permeability of an RO membrane. Although surface pore size significantly
decreased with increasing polymer concentration (Fig. 5), there was no discernible difference
in the three kinds of active layer characteristics which are known to be able to change with
the tendency of MPD diffusion® (Figs. S3(a) to (c)). From these data, we can discern that the
surface pores, ranging from 4.5 nm to 6.7 nm, have no significant difference in the view of
the MPD diffusion. Lastly, there was also no relationship between the contact angle and the
type of support layer (Fig. S3(d)), which was understandable given that all the TFC
membranes were fabricated using the same chemicals and methods.
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Fig. S1. SEM images to verify changes in the support layer morphology arising from

membrane compaction. According to the previous literature,® the degree of membrane
deformation by compaction can be indirectly evaluated by measuring the thickness of the
support layer after RO operation. Accordingly, the thicknesses of arbitrarily chosen locations
were measured after membrane compaction at 2,500 kPa for 30 min and at 1,500 kPa for
another 30 min. According to the statistical analysis, there was no discernible difference in
the support layer thickness before and after membrane compaction, regardless of the sample
type (see Table S1 for statistical analysis).
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Fig. S3. (a) The average thickness of each active layer. See more detail in Fig. S4 and Table
S9 for statistical analysis. Error bars indicate the standard deviations obtained from three
different samples. (b) Average roughness and (c) nitrogen/oxygen (N/O) ratio of each active
layer. For more detail, see Fig. S5 for the average roughness and Tables S10 and S11 for
statistical analysis. Error bars indicate the standard deviations obtained from four and three
different samples for the average roughness and the N/O ratio, respectively. (e) Contact angle
of each active layer. Error bars indicate the standard deviations obtained from five different
samples. See more detail in Table S12 for statistical analysis. One-way ANOVA and Tukey’s
post-tests were performed to compare each data where significant differences are indicated as
follows: NS (not significant) P > 0.05.

S6



42

43

44
45
46

47

Active layer: 147 nm (+20 nm)

Active layer : 156 nm (+19 nm)

)|

J

7 [ TFC-22.5

Active layer :

Fig. S4. Cross-sectional SEM images of TFC-20, TFC-22.5, and TFC-25 membranes with
the average thicknesses of their active layer. The number in parentheses is the standard

deviation obtained at five arbitrary locations.
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S5. AFM images of active layers of TFC-20, TFC-22.5, and TFC-25.
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Table S1. Differences between the support layer thicknesses before and after membrane
compaction as determined by Student’s t-test. Significant differences are indicated as follows:
NS (not significant) P > 0.05, * P < 0.05, ** P < 0.01, *** P <0.001 and **** P < 0.0001.

Significant?
Sample P < 0.05? Summary P Value
TFC-20 No NS 0.0531
TFC-22.5 No NS 0.2901
TFC-25 No NS 0.2850
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Table S2. Differences between water fluxes of the TFC-20, TFC-22.5, and TFC-25
membranes as determined by one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison test: mean difference, 95% CI of the difference, and adjusted P value. In Graph
Pad Prism 6 software, significant differences are indicated as follows: NS (not significant) P
> 0.05, * P <0.05, ** P <0.01, *** P <0.001 and **** P < 0.0001.
Comparison test Mean Diff. 95% ClI of diff. ST Summary
P <0.05?

TFC-20 vs. TFC-22.5 13.49 6.717 to 20.26 Yes falaied
TFC-20 vs. TFC-25 16.88 10.11 to 23.65 Yes Fkkk
TFC-22.5 vs. TFC-25 3.391 -3.380t0 10.16 No NS
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Table S3. Differences between salt rejections of the TFC-20, TFC-22.5, and TFC-25
membranes as determined by one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison test: mean difference, 95% CI of the difference, and adjusted P value. In Graph

Pad Prism 6 software, significant differences are indicated as follows: NS (not significant) P
>0.05, * P <0.05, ** P <0.01, *** P <0.001 and **** P < 0.0001.
Comparison test Mean Diff. 95% ClI of diff. ST Summary
P <0.05?
TFC-20 vs. TFC-22.5 0.3425 -0.3262 to 1.011 No NS
TFC-20 vs. TFC-25 0.6406 -0.02803 to 1.309 No NS
TFC-22.5 vs. TFC-25 0.2981 -0.3705 to 0.9668 No NS
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Table S4. Differences between tensile strengths of the TFC-20, TFC-22.5, and TFC-25
membranes as determined by one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison test: mean difference, 95% CI of the difference, and adjusted P value In Graph

Pad Prism 6 software, significant differences are indicated as follows: NS (not significant) P
>0.05, * P <0.05, ** P <0.01, *** P <0.001 and **** P < 0.0001.
Comparison test Mean Diff. 95% ClI of diff. ST Summary
P <0.05?
TFC-20 vs. TFC-22.5 -1.950 -3.112 to -0.7885 Yes *k
TFC-20 vs. TFC-25 -2.418 -3.580 to -1.256 Yes falaied
TFC-22.5 vs. TFC-25 -0.4675 -1.629 to 0.6943 No NS
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Table S5. Differences between moduluses of the TFC-20, TFC-22.5, and TFC-25 membranes
as determined by one-way analysis of variance (ANOVA) with Tukey’s multiple comparison
test: mean difference, 95% CI of the difference, and adjusted P value In Graph Pad Prism 6

software, significant differences are indicated as follows: NS (not significant) P > 0.05, * P <
0.05, ** P <0.01, *** P < 0.001 and **** P < 0.0001.
Comparison test Mean Diff. 95% ClI of diff. ST Summary
P <0.05?
TFC-20 vs. TFC-22.5 -42.41 -101.3to0 16.51 No NS
TFC-20 vs. TFC-25 -126.6 -185.5t0 -67.67 Yes falaied
TFC-22.5 vs. TFC-25 -84.19 -143.1t0 -25.26 Yes e
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Table S6. Differences between mean surface pore sizes of the PSf-20, PSf-22.5, and PSf-25
membranes as determined by one-way analysis of variance (ANOVA) with Tukey’s multiple
comparison test: mean difference, 95% CI of the difference, and adjusted P value In Graph

Pad Prism 6 software, significant differences are indicated as follows: NS (not significant) P
>0.05, * P <0.05, ** P <0.01, *** P <0.001 and **** P < 0.0001.
Comparison test Mean Diff. 95% ClI of diff. ST Summary
P <0.05?
TFC-20 vs. TFC-22.5 1.540 0.6925 to 2.388 Yes *k
TFC-20 vs. TFC-25 2.227 1.379t0 3.074 Yes falaied
TFC-22.5 vs. TFC-25 0.6867 -0.1608 to 1.534 No NS
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86  Table S7. Reynolds numbers and variations derived experimentally.

Support layer PSf-20 PSf-22.5 PSf-25
Specific surface area, S, 19.1 x 10° 26.4 x 10° 22.0 x 10°
[m~%, n=3] (+3.1x 10°) (5.0 x 10°) (+3.4x 10° )
Superficial velocity, v, 13.0x 107¢ 8.7x 107° 7.6%x 107°
[ms?, n=5] +18x 107%)  (£05x 107°) (1.3 x 107°)
Reynolds number, _6 6 —6
Re, 41 x 10 20x 10 2.1x 10

87
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88

89  Table S8. Data for osmotic separation operations to estimate the pressure drop occurring in
90 the support layer of the TFC-25 prepared without the additives.

Support layer PSf-25
Tortuosity™*, ¢ 174
Structure parameter, S 26,186

Specific surface area, S, 6 6
22.0x10° (£3.4 x 10°)

[m', n=3]
Superficial velocity, v, . .
[ms’ n=5] 2.1x10° (0.3 x 10°)
Porosity, ¢ [n=3] 0.67 (+0.02)

Intrinsic water permeability, A

0.51 (+0.07
[L m™ h'!bar!, n= 5] ( )
Salt permeability, B
.04 (+0.
[ums ' n=5] 0.04 (+0.01)
Salt rejection, R [%, n = 5] 97.7 (+0.6)
Water flux in FO mode, J.°
Y 1.04 (+0.10)

[Lm2h', n=3]
91  * Equations (4) and (5) were used to determine tortuosity with a diffusivity of 1.61 x 10
92  m?s™for NaCl .
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Table S9. Differences between active layer thicknesses of the TFC-20, TFC-22.5, and TFC-
25 membranes as determined by one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison test: mean difference, 95% CI of the difference, and adjusted P value In

Graph Pad Prism 6 software, significant differences are indicated as follows: NS (not
significant) P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001.
Comparison test Mean Diff. 95% ClI of diff. ST Summary
P <0.05?
TFC-20 vs. TFC-22.5 -8.111 -27.93to0 11.71 No NS
TFC-20 vs. TFC-25 -3.667 -23.4810 16.15 No NS
TFC-22.5 vs. TFC-25 4444 -15.37 to 24.26 No NS
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100 Table S10. Differences between active layer roughnesses of the TFC-20, TFC-22.5, and TFC-
101 25 membranes as determined by one-way analysis of variance (ANOVA) with Tukey’s
102  multiple comparison test: mean difference, 95% CI of the difference, and adjusted P value In
103  Graph Pad Prism 6 software, significant differences are indicated as follows: NS (not
104  significant) P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001.

Comparison test Mean Diff. 95% ClI of diff. S'szngz?,;? Summary
TFC-20 vs. TFC-22.5 2.825 -6.967 t0 12.62 No NS
TFC-20 vs. TFC-25 3.075 -6.717 to 12.87 No NS
TFC-22.5 vs. TFC-25 0.2500 -9.542 t0 10.04 No NS
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106  Table S11. Differences between N/O ratios of the TFC-20, TFC-22.5, and TFC-25
107  membranes as determined by one-way analysis of variance (ANOVA) with Tukey’s multiple
108  comparison test: mean difference, 95% CI of the difference, and adjusted P value In Graph
109 Pad Prism 6 software, significant differences are indicated as follows: NS (not significant) P
110 >0.05,*P <0.05, ** P <0.01, *** P <0.001 and **** P < 0.0001.

Comparison test Mean Diff. 95% ClI of diff. S'szngz?,;? Summary
TFC-20 vs. TFC-22.5 0.02317 -0.2627 to 0.3090 No NS
TFC-20 vs. TFC-25 0.02009 -0.2657 to 0.3059 No NS
TFC-22.5 vs. TFC-25 -0.003073 -0.2889 to 0.2827 No NS
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111

112  Table S12. Differences between contact angles of the TFC-20, TFC-22.5, and TFC-25
113 membranes as determined by one-way analysis of variance (ANOVA) with Tukey’s multiple
114  comparison test: mean difference, 95% CI of the difference, and adjusted P value In Graph
115 Pad Prism 6 software, significant differences are indicated as follows: NS (not significant) P
116  >0.05, * P <0.05, ** P <0.01, *** P <0.001 and **** P < 0.0001.

Comparison test Mean Diff. 95% ClI of diff. S'szngz?,;? Summary
TFC-20 vs. TFC-22.5 3.072 -0.8387 t0 6.983 No NS
TFC-20 vs. TFC-25 1.652 -2.259 t0 5.563 No NS
TFC-22.5 vs. TFC-25 -1.420 -5.331t0 2.491 No NS
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