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Optimizing the filtration performance of polymer membranes, mainly through morphology manipulation, remains a crucial
focus in membrane research. This study systematically examined the relationship between membrane morphology and
filtration performance in polyethersulfone (PES) membranes by varying the composition of the casting solution. Scanning
electron microscopy (SEM), atomic force microscopy (AFM), and Brunauer-Emmett-Teller (BET) analysis were used to
investigate the membrane's microstructure thoroughly. Results showed that increasing PES concentration led to smaller pore
sizes and reduced porosity, resulting in lower water permeance and higher retention rates. Additionally, analyses of the t-plot
micropore area and BJH cumulative pore surface area revealed the influence of micropores and mesopores on permeance
and retention. Different molecular weights and concentrations of polyethylene glycol (PEG) significantly altered the pore
distribution, impacting overall membrane performance.
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Introduction and surface properties, affecting its overall properties.
[24, 25] Specifically, the effects of different molecular
Membrane separation technology has been widely weights and concentrations of PEG on the membrane's
applied in water treatment due to its high efficiency, microstructure and permeation characteristics exhibit
cost-effectiveness, and environmental benefits [1-3]. notable variation.
The membrane morphology is critical in determining It is demonstrated that PEG molecular weight is
its filtration properties during these separation processes crucial in determining the pore size distribution and
[4-6]. Polyethersulfone (PES) membranes exhibit unique overall morphology of the membrane [20, 26]. High
advantages due to their excellent thermal stability, molecular weight PEG can usually form larger pore
mechanical strength, and chemical resistance, particularly structures, which can enhance the water permeance of
in the fields of wastewater treatment [7, 8] and blood the membrane but may also reduce the selectivity due
purification [9, 10]. However, further optimizing the pore to the increased pore size [27]. On the other hand, PEG
structure of PES membranes to enhance their filtering with low molecular weight tends to form a relatively tight
performance remains an important topic in current pore structure, which enhances the membrane selectivity
research [11-13]. This is significant for membrane but may lead to decreased permeability. By blending
design optimization, improving treatment efficiency, and or copolymerizing PEG and PES, we can regulate the
their wide application in environmental protection and membrane's pore structure and optimize its mechanical
resource recovery [14]. properties and thermal stability, thus further improving
In order to improve the permeability and selectivity of its overall performance. In addition, the amount of
PES membranes, researchers have made various attempts PEG content on the membrane performance is different

[15-19]. Modifying the PES membrane by adding [28, 29], but if the content is too large, the mechanical
polyethylene glycol (PEG) has been proven effective strength will weaken the strength of the membrane [30].

[20-22]. PEG, as a co-porogenic agent, not only affects In this study, our innovation lies in the fine regulation
the viscosity of the casting solution [23] but also exerts of the relationship between the pore structure and
a strong influence on the membrane's pore structure the filtration performance of the PES membranes by

systematically adjusting the composition of the casting

e 5 " solution. Unlike previous studies focusing on a single
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glycol (PEG) on membrane properties. This multivariate
experimental design allows us to understand the
microstructural changes of membranes under different
preparation conditions and how these changes affect
membrane permeability and selectivity. We verified
PEG's role in membrane pore regulation by systematically
collecting and comparing the performance data of
membranes prepared under different conditions. We
proposed new strategies to optimize the PES membrane
design. These findings provide crucial theoretical support
and practical guidance for the further application of PES
membranes in water treatment and other fields.

Materials and Methods

In this study, the polymer used was polyethersulfone
(PES) with the model number E6020P, and the solvent
was N,N-dimethylformamide (DMF). Polyethylene glycol
(PEG) served as the porogenic agent, with different
molecular weights, including 400, 1500, and 4000.
Bovine serum albumin (BSA) was used as the solute to
measure the retention rate of the membrane. The specific
experimental procedure followed the methods outlined in
a previously published paper [4].

For membrane fabrication, different casting solutions
were prepared by stirring at 60 °C overnight. The
solutions were then allowed to stand for up to 6 hours
without heating or stirring to eliminate air bubbles. The
casting solutions were prepared under four conditions: (1)
varying PES concentrations (12%, 13.5%, 15%, 16.5%,
and 18%); (2) for 15% PES membranes, 10% PEG
with varying molecular weights (PEG400, PEG1500,
and PEG4000) was added; (3) for 15% PES, PEG1500
concentrations were varied (0%, 5%, 10%, and 15%); (4)
combinations of PEGs with different molecular weights
were tested at a fixed 10% total PEG concentration,
including 10% PEG1500, 5% PEG1500 + 5% PEG400,
5% PEG1500 + 5% PEG4000, and 2.5% PEG400 + 5%
PEGI1500 + 2.5% PEG4000. Membranes were fabricated
via the phase inversion process. The casting solution was
spread onto a glass plate with a 150 um gap, which was
then immediately immersed in a deionized (DI) water
coagulation bath. After the membrane was detached
from the glass plate, it was thoroughly rinsed and stored
in DI water.

The water permeance of the membranes was evaluated
using a lab-scale dead-end ultrafiltration setup under a
constant pressure of 1 bar. The permeate weight was
recorded over a fixed testing duration, and the pure water
flux was calculated based on the collected data. Solution
permeance is measured concurrently with retention rate
testing and calculated using the same method as pure
water permeance. Porosity was determined using the dry-
wet membrane mass method, where the wet membrane
was freeze-dried to obtain the dry state.

Characterization techniques were used to analyze the
membrane morphology and structure. Scanning electron

microscopy (SEM) was used to observe the surface and
cross-sectional structure of the membranes [31]. Atomic
force microscopy (AFM) was employed to measure the
surface roughness and topography [32]. BET analysis
was conducted to evaluate the specific surface area, pore
size distribution, and pore volume of the membranes
[33].

Results and Discussion

Different PES concentrations of polyethersulfone
membranes

Through experimental studies on the structural
characteristics and filtration properties of polyethersulfone
membranes, we observed that porosity gradually decreases
with increasing polymer concentration. In particular,
at the highest polyethersulfone concentration (18%),
porosity dropped significantly to 62.74%. This suggests
that higher concentrations in the casting solution lead
to a tighter polymer chain structure during membrane
formation, thereby reducing pore formation. While this
reduction in porosity enhances membrane retention, as
indicated by the data showing an increase in retention
with decreasing porosity, it also causes a notable decline
in pure water permeance. At 18% concentration, the
pure water permeance reaches an extremely low level,
severely limiting the membrane's practical applications.

Regarding filtration performance, PES membranes
with 12% and 13.5% concentrations exhibited high
pure water permeance but low retention due to their
larger pore sizes. In contrast, membranes with 16.5%
and 18% concentrations showed lower permeance, with
the 18% concentration having pores so small that the
pure water permeance was extremely low, making it
impossible to accurately calculate the retention rate or
solution permeance. The 15% concentration membrane
demonstrated a retention rate similar to the 16.5%
membrane, and its surface pore size was comparable to
the 16.5% and 18% membranes, though its permeance
was lower than the 12% and 13.5% membranes. This
suggests that the 15% concentration membrane provides
adequate pure water permeance while maintaining a
reasonable retention rate, making it the focus of further
investigation and optimization in this study.

In terms of membrane surface roughness (Ra), the
surface becomes progressively smoother as the concentration
increases, particularly at higher concentrations, which
aligns with the decreasing surface height differences
observed in the AFM images. As shown in Fig. 1
(a-e), different PES concentrations exhibit significant
structural differences in surface, cross-section, and AFM
3D imaging. The 12% and 13.5% PES membranes have
relatively higher surface roughness, with AFM height
differences of 12.4 nm and 10.1 nm, indicating more
irregular micropores and surface protrusions. As the PES
concentration increases, the membrane surface gradually
smoothens, particularly at 15%, 16.5%, and 18%
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Fig. 1. Surface, cross-section, and AFM 3D height maps of PES membranes at different concentrations.

concentrations, with surface height differences reduced
to 5.2 nm, 4.4 nm, and 4.0 nm, respectively. While a
smoother surface helps minimize membrane fouling
and makes cleaning and maintenance easier during
filtration, an overly smooth surface may compromise

Table 1. Structural characteristics and filtration properties of PES membranes at different concentrations.

(e) 18%PES

hydrophilicity, thus reducing the pure water and solution
permeance. Therefore, although higher concentration
membranes exhibit smoother surfaces, additional surface
modifications may be necessary to enhance hydrophilicity
and maintain permeance as shown in Table 1.

BJH Cumulative

Single Point Total

PES Pure  Solution Reten- Surface Large Pores  t-Plot  Qurface Area of Surface Pore Volume of
Concent- Porosity, Water Per-  Per- tion  Rough- onthe  Micropore  pores’, m?/g Area? Pores’, cm?/g
. % meance, meance, Rate, ness Ra, Membrane Area?, Ad G S, Ad G
ration | sorption m?*/g sorption
LMH/bar LMH/bar % nm  Surface’, nm  m%g
Desorption Desorption
2762. ) 204 12.98 0.0629
12% 75.15 7626 163+1.8 9%0.78 1.95 0 425 16.59
+395 +0.25 +3.1 13.16 0.0373
12.80 0.0635
13.5% 74.05 2413.9 136+1.2 L7l 23 155 2.63 15.36
+79.1 +0.05 +2.1 14.00 0.0404
431.4 ) ] 16.41 0.0557
15% 72.07 3 116+1.8 93.37 1.13 96 1.88 18.72
+24.9 +0.04 +14 17.22 0.0413
16.09 0.0822
16.5% 71.83 32.7 16+£0.9 9344 1.03 96 4.50 20.63
+8.8 +0.04 +1.4 16.78 0.0496
78 73 17.28 0.0765
18% 62.74 na’ na’ 0.96 3.92 21.37
£1.5 +0.8 1821 0.0442

—_—

. The data are based on the pore size distribution of the organic membrane surface observed through SEM. Although there is some

degree of randomness and subjectivity in the scale annotations, they generally reflect the large pore structure on the membrane surface.
2. The data presented in the columns labeled as t-Plot Micropore Area (m*g), BJH Cumulative Surface Area of Pores (m?/g), Surface
Area (m%g), and Single Point Total Pore Volume of Pores (cm®/g) are derived from BET analysis. These parameters respectively
represent the microporous surface area, cumulative surface area of pores under adsorption and desorption conditions, overall surface
area, and total pore volume under adsorption and desorption conditions.
3. Not available. The data could not be obtained because the solution dripping took too long during the experiment. The extended
duration introduced significant errors, rendering the data unreliable.



Regulation of polyethersulfone membrane morphology and its influence on filtration performance 345

The BET analysis revealed that the membrane
morphology and pore structure were significantly
influenced by the PES concentration. The t-Plot
Micropore Area initially decreased with increasing PES
concentration, from 4.25 m?%g at 12% to 1.88 m?g at
15%, indicating a reduction in micropore formation
due to the increased solution viscosity restricting
pore development. Interestingly, the micropore area
increased to 4.50 m?¥g at 16.5%, suggesting structural
reorganization or enhanced phase separation kinetics at
higher concentrations.

The BJH Cumulative Surface Area of Pores showed a
consistent increase with PES concentration, rising from
12.98 m?/g at 12% to 17.28 m*g at 18% (adsorption data).
This trend indicates a higher formation of mesopores
and macropores at elevated PES concentrations. Notably,
desorption values were slightly higher than adsorption
values, potentially due to the presence of bottle-neck or
closed pores that hindered full adsorption saturation but
allowed more complete desorption.

Similarly, the BET Surface Area increased from
16.59 m?%g to 21.37 m¥g, confirming that higher PES
concentrations contributed to a more developed and
extensive pore structure. The single point total pore
volume reached its peak at 16.5% PES concentration
(0.0822 cm?/g), reflecting a more open and accessible
porous network. However, the consistent difference
between adsorption and desorption pore volumes
suggests the potential existence of closed or ink-bottle
pores, which may influence fluid transport properties.

Overall, the results suggest that a PES concentration
of 16.5% optimizes pore formation, combining
higher surface area and pore volume with a balanced
microporous structure. This concentration may provide
the most favorable conditions for enhancing membrane
permeability and filtration performance.

PES membranes with PEG porogens of different
molecular weights

Based on a 15% PES membrane, we conducted
comparative experiments by adding 10% of PEG with
varying molecular weights (PEG400, PEG1500, and
PEG4000) to the casting solution to explore the effects
on membrane structure and filtration performance. The
results showed that porosity increased from 72.07%
(without PEG) to 73.68% after the addition of PEG4000,
indicating that PEG effectively regulates the pore
structure, with higher molecular weights leading to more
pore formation and enhanced permeability. Although
the trend is not perfectly linear, high molecular weight
PEG significantly improves pore connectivity as shown
in Table 2.

Changes in pure water and solution permeance
followed a similar trend. Pure water permeance increased
from 431.4 LMH/bar (without PEG) to 1869 LMH/bar
with PEG4000, while solution permeance rose from
116 LMH/bar to 174 LMH/bar. This suggests that high
molecular weight PEG contributes to forming larger,
more open pore structures, thereby improving overall
permeability, although other structural factors may also
influence the membrane's performance.

However, retention exhibited a slight decrease with
increasing PEG molecular weight, dropping from 93.37%
(without PEG) to 91.86% with PEG4000. This decline
is likely due to the formation of larger pores, allowing
solutes to pass more easily and slightly reducing retention
efficiency. Despite this, the reduction in retention was
relatively minor, indicating that high molecular weight
PEG does not significantly compromise membrane
selectivity.

Membrane surface roughness (Ra) generally increased
with the addition of PEG, rising from 1.13 nm (without
PEG) to 3.35 nm with PEG4000. However, an exception
was observed with PEG400, where surface roughness

Table 2. Structural characteristics and filtration properties of PES membranes with different PEG molecular weights.

BJH Cumulative

-Plot Single Point Total
Pure Solution Reten- Surface Large Pores . Surface Area of Pore Volume of
PEG . . Micro- Surface
Porosity, Water Per-  Per- tion Rough- on the ore Pores, m?/g Area Pores, cm¥/g
Condition % meance, meance, Rate, ness Ra, Membrane Aprea Adsorption 1y ' Adsorption
LMH/bar LMH/bar % nm  Surface, nm o J
m?/g Desorption Desorption
16.41 0.0557
w/o PEG  72.07 414 116+1.8 93.37 1.13 96 1.88 18.72
+24.9 +0.04 +1.4 17.22 0.0413
21.15 0.1047
PEG400 72.46 7437 145423 93.19 3.16 181 1.96 21.63
+68.3 +0.25 +2.6 21.41 0.0648
20.60 0.0964
PEGI1500 72.75 1019.9 158+39 9245 24 199 1.84 19.72
+149.6 +0.38 +4.1 19.66 0.0523
1869 91.86 394 13.90 0.0368
+
PEG4000 73.68 1189.0 174+32 £0.09 335 64 0.59 13.06

13.07

0.0193
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Fig. 2. Surface, cross-section, and AFM 3D height maps of PES membranes with different PEG molecular weights.

increased to 3.16 nm, higher than expected for its lower
molecular weight. AFM images (Fig. 2) confirmed that,
in most cases, the surface became progressively rougher
as PEG molecular weight increased, with greater height
differences between surface protrusions and depressions.
This supports the notion that higher molecular weight
PEG typically introduces more pores and irregularities
into the membrane structure, although this trend is not
strictly linear.

Additionally, analysis of the t-Plot micropore area
and BJH surface area revealed that, as PEG molecular
weight increased, the proportion of macropores also
rose. SEM images corroborated these findings, showing
a significant increase in pore size with increasing PEG
molecular weight, particularly after PEG4000, where
the average pore size reached 39.4 nm. These larger
pores enhance permeability but may negatively impact
retention efficiency.

Cross-sectional images showed that high molecular
weight PEG promoted the formation of more pronounced
finger-like structures, further enhancing permeability.
While PEG of different molecular weights exhibited
some nonlinear trends, high molecular weight PEG
generally favored the development of larger pores and
improved permeance.

Overall, the addition of PEG with varying molecular
weights had a significant impact on membrane structure
and performance, with the results demonstrating a clear
pattern. High molecular weight PEG improved pure
water and solution permeance, though retention decreased

slightly. Changes in surface roughness and pore structure
suggest that the molecular weight and concentration of
PEG must be carefully balanced according to specific
process requirements to achieve optimal membrane
performance.

PES membranes with Different PEG concentrations
On the basis of a 15% PES membrane, we con-
ducted comparative experiments by adding various
concentrations of PEG1500 (0%, 5%, 10%, and 15%),
labeled as PEG-0, PEG-5%, PEG-10%, and PEG-15%,
to the casting solution. The experimental results revealed
some notable trends regarding the impact of different
PEG concentrations on the structural characteristics and
filtration properties of polyethersulfone membranes.

First, the porosity of the membranes slightly increased
with higher PEG concentrations, from 72.07% without
PEG to 72.89% with the addition of 15% PEG. Although
this change was relatively small, it indicates that higher
PEG concentrations can fine-tune the pore structure
and slightly increase porosity. However, the magnitude
of this change is limited, suggesting that PEG’s main
influence may lie in other structural and performance
aspects.

In terms of pure water permeance, the permeance
increased significantly with higher PEG concentrations,
rising from 431.4 LMH/bar without PEG to 1609 LMH/
bar after adding 15% PEG. This suggests that higher
PEG concentrations promote the formation of larger
pores and more open channels within the membrane,
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Table 3. Structural characteristics and filtration properties of PES membranes with different PEG concentrations.

Single Point

Large BJH Cumulative
t-Plot Total Pore
PEG ., Pure Water Solution cten- - Surface Pores Micro-  Surface Area of gy race Volume of
Porosity, on Rough-  on the Pores, m?/g
Concent- o Permeance, Permeance, pore ’ Area, Pores, cm*/g
X % LMH/b LMH/b Rate, ness Ra, Membrane Ar 2y, >
ration ar ar o, nm Surface, m:;: Adsorption ™78 Adsorption
nm Desorption Desorption
16.41 0.0557
PEG-0  72.07 4314 116£1.8 9337 1.13 9.6t1.4 1.88 18.72
+24.9 +0.04 17.22 0.0413
14.81 0.0853
PEG-5% 72.21 419 151£3.8 9243 4.71 14.6+1.9 1.17 15.00
£14.7 +0.11 14.72 0.0441
20.60 0.0964
PEG-10% 72.75 1019.9 158.9+39 9245 2.4 19.9+4.1 1.84 19.72
+149.6 +0.38 19.66 0.0523
1 0. 19.12 0.1153
PEG-15% 72.89 609 223+14.7 9251 32 27.0+£5.7 0.81 18.28
+274 +0.04 18.51 0.0510

thereby substantially enhancing water permeability.
Solution permeance also increased, from 116 LMH/bar
to 223 LMH/bar, further validating PEG’s positive role
in improving filtration performance.

However, despite the improvements in pure water
and solution permeance, there was a slight reduction in
retention. Without PEG, the membrane's retention was
93.37%, but this decreased to 92.57% with 15% PEG.
This decline may be attributed to the formation of larger,

Surface

AFM 3D surface

more open pores at higher PEG concentrations, allowing
solutes to pass through more easily and slightly reducing
interception efficiency. Nonetheless, the decrease in
retention was minor, indicating that PEG has little
impact on the membrane's overall selectivity as shown
in Table 3.

Further analysis of the t-Plot micropore area and
BET results revealed that increasing PEG concentrations
significantly affected the ratio of micro- to macropores.
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Fig. 3. Surface, cross-section, and AFM 3D height maps of PES membranes with different PEG concentrations.
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Higher PEG concentrations facilitated the formation of
macropores, which, while enhancing permeance, may
have contributed to the slight reduction in retention
efficiency. This indicates that PEG affects both the
macroscopic pore structure and the microscopic pore
distribution, particularly increasing the proportion of
larger pores.

Surface roughness (Ra) generally increased with
higher PEG concentrations, with one exception. Without
PEG, roughness was 1.13 nm, rising to 2.4 nm and 3.2
nm at 10% and 15% PEG, respectively. However, at
5% PEG, roughness peaked unexpectedly at 4.71 nm,
indicating that PEG’s effect on surface texture may be
more pronounced at lower concentrations. AFM images
confirmed these trends, showing a consistent increase in
surface height difference with rising PEG concentrations,
while highlighting the sharp increase at 5% as a localized
peak in surface roughness.

SEM images showed that pore sizes on the membrane
surface increased significantly with higher PEG
concentrations, especially after the addition of 10%
and 15% PEG, where average pore sizes reached 23.55
nm and 24.25 nm, respectively. These larger pores
contributed to higher pure water and solution permeance
but were accompanied by a slight decrease in retention.

In conclusion, different concentrations of PEG
significantly influenced the structure and performance of
polyethersulfone membranes. Higher PEG concentrations
effectively improved pure water and solution permeance
but also caused a slight reduction in retention and changes
in surface roughness. These findings suggest that the
appropriate PEG concentration should be selected based
on specific filtration requirements to achieve an optimal
balance between filtration performance and retention
efficiency in practical applications.

Based on the previous experimental results and data
analysis, it can be inferred that under the same PEG
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molecular weight, adding different concentrations of
PEG to the casting solution significantly increases
the membrane’s permeance, slightly raises porosity,
and slightly decreases retention. The pore size on the
membrane surface increased significantly, and both
specific surface area and pore volume rose. Meanwhile,
surface roughness decreased, resulting in a smoother
membrane surface. Going forward, this study will further
explore mixing PEG with different molecular weights
in the casting solution to optimize the membrane's pore
structure and filtration performance as shown in Fig. 3.

PES membranes with different PEG combinations
Based on 15% PES membranes, we performed
comparative experiments with different PEG combina-
tions. We added the same concentration of 10% PEG
to the casting solution, consisting of PEG1500 mixed
with PEG of other molecular weights. The combinations
included 10% PEG1500, 5% PEG1500 + 5% PEG400,
5% PEG1500 + 5% PEG4000, and 2.5% PEG400 + 5%
PEG1500 + 2.5% PEG4000, labeled as PEG1500, PEG
low mix, PEG high mix, and PEG triple mix, respectively.
The results showed that different PEG combinations
significantly affected the structural characteristics and
filtration performance of polyethersulfone membranes.

First, in terms of porosity, the membrane's porosity
slightly increased with varying PEG combinations, rising
from 72.75% for PEG1500 alone to 73.38% with multiple
PEG combinations. Although the change in porosity
was modest, this subtle difference could influence the
overall membrane performance, particularly in terms of
permeance and retention efficiency.

In terms of pure water permeance and solution per-
meance, adding different PEG combinations significantly
enhanced membrane permeability. With PEG1500
alone, the pure water permeance was 1019.9 LMH/
bar, and the solution permeance was 158 LMH/bar.

Table 4. Structural characteristics and filtration properties of PES membranes with different PEG combinations.

BJH Single Point
PEG Pure Solution Surface Large Pores t-Plot Cumulative Total Pore
P(.)ro- Water Per- Retention Rough- on the Micro-  gyurface Area of Surface Volume of
Combi- Ity Per- Meance, — pote. % ness Ra. Membrane  POr¢ Pores, m%/g Area,  Pores, cm’/g
nation %  meance, LMH/ , am  Surface. nm e Adsorption ™72 Adsorption
LMH/bar bar ’ m?/g
Desorption Desorption
1019. 04 20.60 0.0964
PEG1500 72.75 0199 158.9+39 92.45 24 19.9+4.1 1.84 19.72
+149.6 +0.38 19.66 0.0523
16.01 0.0867
PEGlow g5 1026 yeeie 17 53¢ lose1a 136 16.08
mix +118.9 +0.68 15.44 0.0445
; 10.96 0.0329
PEGhigh _, 4 M el 220 4ss isossa 1is 11.41
mix +17.8 +0.12 11.18 0.0186
17.55 0.0724
. PEG . 73.38 2137 834+2.3 88.18 424 23.7+£7.6 1.50 16.77
triple mix +349 +2.0 18.00 0.0398
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However, when using various PEG combinations (such
as PEG high mix and PEG triple mix), the pure water
permeance increased to 1914 LMH/bar and 2137 LMH/
bar, respectively, and the solution permeance increased
accordingly. Interestingly, in the PEG triple mix, the
solution permeance decreased to 83 LMH/bar. This may
be attributed to the structural complexity (changes in
the porous structure), flow channel inhomogeneity, or
changes in surface characteristics (such as hydrophilicity
or surface roughness), which may have negatively
impacted the solution flow, counteracting the benefits
of larger pore sizes.

Regarding retention, membrane retention exhibited a
polarized trend with changing PEG combinations. With
PEG1500 alone, retention was 92.45%. In the PEG low
mix and high mix combinations, retention increased to
93.17% and 93.26%, respectively. However, the more
pronounced solute accumulation on the membrane surface
in these combinations likely enhanced the concentration
polarization effect, resulting in lower solution permeance.
Despite this, these combinations maintained relatively
high permeance due to the improved membrane surface
structure and uniform pore distribution. In contrast,
retention dropped significantly to 88.18% in the PEG
triple mix. This decrease in retention may be attributed
to the larger pore sizes and more complex circulation
paths, allowing solute molecules to pass through more
easily as shown in Table 4.

Membrane surface roughness (Ra) varied significantly
with different PEG combinations. AFM images showed
a notable increase in surface height differences with
varying PEG combinations. In particular, the PEG high
mix and PEG triple mix exhibited roughness values of
4.52 nm and 4.24 nm, respectively. In contrast, the surface

Surface

roughness of PEG1500 alone was 2.4 nm, indicating
a relatively smoother surface. The increased surface
roughness may enhance the membrane's antifouling
properties but could also increase the contact angle of
water molecules, potentially impacting hydrophilicity
and filtration performance.

The BET analysis of PES membranes with different
PEG combinations reveals significant variations in pore
structure and surface area. The t-Plot Micropore Area
decreases from 1.84 m*g for PEG1500 to 1.36 m*g for
the PEG low mix, suggesting that the combination of
PEG1500 with PEG400 results in a more uniform pore
structure, with a reduction in microporosity compared
to PEG1500 alone.The PEG high mix further decreases
the micropore area to 1.15 m?g, suggesting that the
larger PEG molecules, such as PEG4000, promote the
formation of larger pores, resulting in a more open
structure with fewer micropores. The PEG triple mix
shows a slight decrease in micropore area compared to
PEG1500, but still maintains a higher micropore area
than the PEG low mix and PEG high mix, suggesting
that the combination of different PEGs promotes a more
balanced pore structure, retaining relatively favorable
microporosity.

The BJH Cumulative Surface Area of Pores during
adsorption is highest for PEG1500 at 20.60 m¥g,
followed by PEG triple mix at 17.55 m%*g, PEG low
mix at 16.01 m?g, and lowest for PEG high mix at
10.96 m*g. This trend reflects the structural changes in
the membrane with increasing PEG molecular weight,
where larger PEG molecules reduce the number of
micropores and promote the formation of larger pores.
The PEG triple mix retains relatively high surface area,
indicating that a combination of PEGs maintains more
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Fig. 4. Surface, cross-section, and AFM 3D height maps of PES membranes with different PEG combinations.
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open pores compared to PEG4000 alone. Similar trends
are observed in the desorption data, with PEGI1500
showing the highest desorption surface area (19.66
m?/g), followed by PEG high mix at 18.00 m?g, PEG
low mix at 15.44 m?*g, and lowest for PEG high mix
at 11.18 m?/g.

The Single Point Total Pore Volume for PEG1500
during adsorption is 0.0964 cm?®/g, the highest among
the combinations, indicating a more open pore structure.
The PEG low mix shows a decrease to 0.0867 cm?®/g,
and PEG high mix further decreases to 0.0329 cm?®/g,
reflecting a reduction in pore volume and a shift towards
a denser pore structure with fewer and larger pores. The
PEG triple mix retains a higher pore volume (0.0724
cm?/g), suggesting that the combination of PEGs helps
preserve a favorable pore structure, though slightly
reduced compared to PEGI1500. Desorption pore
volumes follow a similar pattern, with PEG1500 having
the highest volume (0.0523 cm®/g) and PEG high mix
the lowest (0.0186 cm?/g).

In summary, the BET analysis shows that the
combination of PEG molecular weights plays a critical
role in controlling the pore structure of PES membranes.
PEG1500 alone promotes a more porous membrane with
higher microporosity, surface area, and pore volume,
while the addition of higher molecular weight PEGs,
such as PEG4000, reduces these properties, resulting
in a denser structure with fewer and larger pores. The
PEG low mix (PEG1500 + PEG400) results in a more
uniform pore structure, slightly reducing microporosity
while maintaining relatively high surface area. The PEG
triple mix offers a balanced membrane structure, retaining
moderate pore volume and surface area compared to
PEG high mix, optimizing pore formation and improving
membrane performance for filtration applications.

SEM images further supported these observations,
showing the effects of different PEG combinations
on membrane pore size. In the PEG triple mix, the
surface pore size increased significantly to 23.7 nm.
This increase in pore size likely explains the substantial
improvement in pure water permeance, although it also
led to a significant reduction in retention.

In conclusion, different PEG combinations had a
significant impact on the structure and performance of
polyethersulfone membranes. Carefully selected PEG
combinations can greatly improve pure water permeance
and solution permeance, but the potential trade-offs in
retention and surface roughness must also be considered.
In practical applications, selecting the appropriate PEG
combination is crucial for achieving an optimal balance
between filtration performance and retention efficiency
as shown in Fig. 4.

Conclusion

This study systematically explored the effects of
different PEG molecular weights and concentrations,
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along with varying PES concentrations, on membrane
pore structure and filtration performance. The results
show that increasing PES concentration reduces porosity
and permeance due to the more compact polymer
structure, especially at higher concentrations (e.g., 18%
PES), where both pure water and solution permeance
significantly decreased. At the same time, higher PES
concentrations enhanced membrane retention, particularly
for smaller particles and solutes.

In contrast, increasing PEG molecular weight and
concentration improved porosity and permeance. High
molecular weight PEG (e.g., PEG-4000) significantly
boosted permeance at higher concentrations, but this
increase was accompanied by a slight reduction in
retention. This trend was most prominent in the PEG
triple-mix combination, where increased pore size and
surface roughness, along with concentration polarization
effects, led to a decrease in both retention and solution
permeance.

Membrane surface roughness generally increased
with rising PEG molecular weight and concentration,
though some deviations were observed at specific
concentrations and molecular weights. AFM imaging
confirmed this overall trend, showing increased surface
height differences with higher PEG concentrations and
molecular weights. These variations suggest that PEG’s
role in influencing membrane surface characteristics is
complex, with certain molecular weight and concentration
combinations exhibiting more pronounced effects.

Overall, this study demonstrates that adjusting PEG
and PES concentrations can effectively control pore
structure, permeance, and retention in polyethersulfone
membranes. For water treatment applications, optimizing
the balance between permeability and retention
requires careful selection of PEG and PES types and
concentrations.

These findings provide valuable insights into membrane
material design, offering practical guidance for developing
high-performance membranes with improved filtration
properties for specific applications.
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