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A B S T R A C T

Poly(lactic acid) (PLA) is a biomass-derived biodegradable polymer that shows promise as a circular resource for 
water-treatment membranes. The molecular structure of PLA affects its phase separation behavior, enabling 
control of pore formation to improve membrane performance. Changing the molecular chain density of PLA also 
affects its biodegradation behavior. However, conventional polymerization methods hardly provide PLA with 
both narrow molecular-weight distribution and high molecular weight, which limits research on the molecular 
structure of PLA. In this study, linear and star-branched PLA with four or eight arms were synthesized via 
organocatalyzed ring-opening polymerization, achieving a weight-average molecular weight (Mw) of ~95,000 
and narrow dispersity (≤1.2). PLA membranes were prepared via nonsolvent-induced phase separation and the 
effects of branch number and Mw on pore structure and hydrolysis behavior were investigated. The membrane 
surfaces exhibited fine pores with underlying finger-like macrovoids. Molecular weight cut-off increased with 
branch number (linear: 15,000 Da; four: 17,000 Da; eight: 52,000 Da). This trend was attributed to the decrease 
in solution viscosity with increasing branch number, which facilitated phase separation and pore growth. The 
decrease rate of molecular weight in accelerated hydrolysis tests (pH 9, 65 ◦C, 215 h) was 90 % for four-arm PLA, 
70 % for linear, and 49 % for eight-arm PLA. A moderate PLA branching structure promoted hydrolysis, whereas 
an excessive branch number increased the chain density near the branch points, inhibiting water penetration and 
hydrolysis. These findings indicate that branch number, Mw, and viscosity control are important for improving 
membrane performance and degradability.

1. Introduction

Ultrafiltration (UF) membranes are widely used because of their low 
energy consumption, compact system footprint, and high reliability in 
terms of product purity compared with the performance of other con
ventional separation methods. Materials used for membranes are often 
petroleum-derived and non-biodegradable polymers such as poly
ethylene [1,2], polysulfone [3,4], and poly(vinylidene fluoride) [5,6]. 
UF and microfiltration (MF) membranes composed of these materials are 
used for drinking water treatment, wastewater treatment, industrial 

water purification, and in food and beverage industries [7]. 
Biomass-derived and/or biodegradable polymers are favorable mate
rials for limiting carbon dioxide emissions and preventing waste from 
remaining in the environment. Representative examples include poly 
(butylene succinate) (PBS), poly(3-hydroxybutyrate-co-3-hydroxy 
hexanoate), and poly(lactic acid) (PLA), the latter of which has ach
ieved the most extensive industrial application [8]. PLA is a circular 
resource-type material that does not biodegrade in water at ordinary 
temperatures, which makes it promising for use in water-treatment 
membranes [7]. PLA MF and UF membranes prepared via phase 
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separation have been reported. For example, Tanaka et al. demonstrated 
PLA MF membranes with bacterial removal capability and investigated 
how the preparation process influenced membrane structure and per
formance [9–11]. Moriya and colleagues reported hollow-fiber PLA UF 
membranes, in which the addition of polyethylene glycol (PEG)–PLA 
copolymers imparted antifouling properties [12,13]. Other studies 
highlighted the effects of coagulation bath composition and the PLA 
concentration of casting solution on membrane structure [14,15].

In the development of PLA-based membranes, two major points need 
to be considered: molecular structure and biodegradability. The mo
lecular structure of PLA controls membrane structure and performance. 
However, previous studies have been limited to stereocomplex PLA, 
which is composed of D- and L-enantiomers [16,17], or copolymers of 
PLA with other polymers [18]. In addition, PLAs used in previous studies 
have been linear; the effect of a branched structure on phase separation 
structure has not been investigated. The reasons are follows: 1. 
commercially available PLA only has linear molecular structure; PLA 
with controlled molecular structures is not available; 2. conventional 
tin-based catalysts commonly used for PLA synthesis tend to induce side 
reactions that generate linear chains, making it difficult to obtain 
branched PLA with high purity; 3. the side reactions broaden molecular 
weight distribution [19].These reasons make it difficult to distinguish 
the effects of molecular weight and branch structure on phase separation 
structure. Although catalysts that suppress side reactions have been 
reported [20,21], the molecular weights achieved are generally around 
10,000, which is insufficient to impart the mechanical strength required 
for the porous structures of membranes.

Biodegradation of PLA membranes is another consideration. Con
ventional linear PLA typically takes a long time to degrade, and thus 
accelerating its decomposition after use is desirable. PLA degradation 
proceeds in two stages: initial chemical hydrolysis, which decreases 
molecular weight, followed by microbial assimilation once the arm 
chain length of PLA decreases to below about 10,000 Da [22,23]. The 
initial hydrolysis strongly accelerates above the glass transition tem
perature (Tg), yet even then, substantial time is required before the onset 
of microbial degradation. Although copolymerization with other 
biodegradable monomers has been investigated to address this issue, it 
often results in an undesirable decrease of Tg because many biode
gradable polymers exhibit low Tg [24]. PLA has a Tg of 50–60 ◦C, and 
thus hydrolysis does not progress easily under general water-treatment 
conditions (below 40 ◦C). However, if copolymerization decreases Tg 
below the operating temperature, there is a risk accelerating undesired 
degradation during use. Introducing a branched structure into PLA has 
been proposed as a strategy to accelerate degradation. This approach 
does not decrease Tg [25,26], and therefore it is considered that 
branched PLA will be suitable for use in water-treatment membranes.

Our research group has developed an organocatalyst capable of 
suppressing side reactions, enabling the synthesis of star-branched PLA 
with high molecular weight and narrow molecular weight distribution 
[27,28]. These PLAs possess the strength required for use as membranes 
because of their high molecular weight and make it possible to investi
gate the relationship between molecular structure (e.g., branch number) 
or molecular weight and membrane structure. In this study, we examine 
how the primary structure of PLA (molecular structure or molecular 
weight) affects its pore structure (phase separation structure). Linear 
and star-branched PLAs with different branch number and molecular 
weight are synthesized by ring-opening polymerization of lactide. Then, 
membranes are prepared via nonsolvent-induced phase separation 
(NIPS). Membrane structure and performance are evaluated to investi
gate their relationship with the primary structure of PLA. Four-arm 
star-branched PLAs with different molecular weight are studied to 
investigate the effect of molecular weight on membrane structure and 
performance. Hydrolysis of these membranes is investigated by 
measuring the time-dependent change of molecular weight in acceler
ated hydrolysis tests. The relationship between molecular structure and 
hydrolysis behavior is analyzed. This investigation covers not only the 

production and use of PLA UF membranes but also their disposal to 
assess their environmental impact after use.

2. Experimental section

2.1. Materials

L-Lactide (L-LA), pentaerythritol (PeOH), N,N′-diisopropylcarbodii
mide (DIPCI), p-toluenesulfonic acid, lithium bromide (LiBr), and so
dium azide (NaN3) were purchased from Tokyo Chemical Industry 
(Tokyo, Japan). 4-Dimethylaminopyridine (DMAP), dichloromethane 
(CH2Cl2; stabilized with 2-methyl-2-butene), tetrahydrofuran (THF; 
stabilized with 2,6-di-t-butyl-4-methylphenol), deuterated chloroform 
(CDCl3; stabilized with silver foil and 0.003 % tetramethylsilane), PEG 
600, and PEG 6000 were purchased from Nacalai Tesque, Inc. (Kyoto, 
Japan). L-Lactic acid, ethylene glycol, molecular sieves 3A, molecular 
sieves 4A, 1-methyl-2-pyrrolidone (NMP), N,N-dimethylformamide 
(DMF), sodium nitrate (NaNO3), and PEG 100,000 were purchased 
from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). Tri
fluoromethanesulfonic acid (TfOH), tripentaerythritol (TriPeOH), PEG 
10,000, PEG 20,000, and PEG 35,000 were purchased from Sigma- 
Aldrich Japan (Tokyo, Japan). Easi Vial PEG/PEO was purchased from 
Agilent Technologies, Inc. (Santa Clara, CA, USA). L-LA was recrystal
lized three times from toluene and stored under nitrogen at 4 ◦C. DMAP 
was purified by sublimation and stored under nitrogen. All other ma
terials were used as received.

2.2. Ring-opening polymerization of L-LA

Linear PLA with hydroxyl groups at both ends (HO-PLA-OH), linear 
PLA with a carboxylic acid group at one end and hydroxyl group at the 
other end (HOOC-PLA-OH), and star-branched PLA were synthesized in 
accordance with previously reported methods [27,28]. In this paper, 
four-arm star-branched PLA with a weight-average molecular weight 
(Mw) of 100,000 is designated as 4S-PLA-100k according to its branch 
number and Mw.

A typical polymerization procedure was conducted as follows. 
A 20-mL Schlenk flask was flame-dried under vacuum and then DMAP 
(1 mol%), 4-dimethylaminopyridinium trifluoromethanesulfonate 
(DMAP⋅HOTf; 1 mol%), L-LA (10 mmol), and initiator alcohol 
(0.07–0.50 mmol) were successively added. The mixture was stirred 
under nitrogen at 110 ◦C for 45–120 min (detail conditions are shown in 
Table 1). The reaction product was dissolved in CH2Cl2 (7 mL). The 
resulting solution was added dropwise into cold methanol (300 mL) to 
give a white precipitate. The obtained crude polymer was dried under 
vacuum at 40 ◦C for 5 h.

To purify the crude polymer to obtain star-branched PLAs (4S-PLA- 
50k, 4S-PLA-65k, 4S-PLA-100k, and 8S-PLA-100k), it was dissolved in 
THF and then methanol was slowly added dropwise until a precipitate 
formed. The fractions with high molecular weight were collected and 
then dried under vacuum at 40 ◦C for 6 h before use in subsequent 
experiments.

2.3. Synthesis of L-PLA-100k by condensation of HO-PLA-OH and 
HOOC-PLA-OH

The synthesis of linear PLA with Mw of ~100,000 (L-PLA-100k) was 
conducted as follows. A 50-mL screw-top test tube was flame-dried and 
then DMAP (0.035 mmol), 4-dimethylaminopyridinium p-toluene sul
fonate (DMAP⋅HOTs; 0.035 mmol), HO-PLA-OH (0.01 mmol), HOOC- 
PLA-OH (0.015 mmol), CH2Cl2 (dehydrated with molecular sieves 3A, 
2.8 mL), and 3A and 4A molecular sieves were successively added. The 
mixture was stirred at room temperature for 2 h. DIPCI (0.071 mmol) 
was added and then the mixture was stirred at 30 ◦C for16 h. After 
dilution with CH2Cl2 (1 mL), the solution was filtered through a poly
tetrafluoroethylene syringe filter (0.2-μm pore diameter) and then 
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added dropwise into cold methanol to obtain a white precipitate. The 
precipitate was dried under vacuum at 40 ◦C for 5 h. The precipitate 
(475 mg) was dissolved in THF (25 mL) and then methanol (2.3 mL) was 
added dropwise. The precipitated fraction with high molecular weight 
was collected and then dried under vacuum at 40 ◦C for 6 h to give L- 
PLA-100k.

2.4. Polymer characterization

The obtained products were analyzed by 1H nuclear magnetic reso
nance (NMR) spectroscopy (400 MHz, JNM-ECZ400R, JEOL Ltd., Japan) 
using CDCl3 as the solvent. The number-average molecular weight (Mn), 
Mw, and dispersity (Mw/Mn) of PLA were determined by gel permeation 
chromatography (GPC). Absolute molecular weight was measured by a 
high-performance GPC system (Acquity APC, Waters, Milford, CT, USA) 
equipped with a refractive index (RI) detector (RI Detector, Waters), a 
multi-angle light scattering (MALS) detector (microDAWN, Wyatt 
Technology, Santa Barbara, CA, USA), and columns (XT45 (150 mm), 
XT200 (75 mm), and XT900 (75 mm); Waters) at 40 ◦C using THF as the 
mobile phase at a flow rate of 0.6 mL/min (GPC-MALS).

The branch structure of PLA and intrinsic viscosity of PLA solutions 
were analyzed using a GPC system (Alliance e2695, Waters) equipped 
with an RI detector (2414, Waters), MALS detector (DAWN 8, Wyatt 
Technology), viscometer (Visco Star, Wyatt Technology Co.), and col
umns (LB-803, LB-806 M ( × 2), Shoko Science Co., Ltd., Kanagawa, 
Japan) at 40 ◦C. DMF containing 10 mmol/L LiBr was used as the mobile 
phase at a flow rate of 1.0 mL/min (GPC-MALS-VISCO).

2.5. Membrane preparation

Procedure of membrane preparation via NIPS is shown in Scheme 1. 
For membrane preparation via NIPS, the synthesized PLA samples were 
dissolved in NMP (good solvent) at 60 ◦C to prepare 20 wt% PLA solu
tions [12], which were then aged at 60 ◦C for 1 h. The solutions were cast 
onto glass plates (50 ◦C) using an applicator with a 200-μm gap [16]. 
The concentration of PLA solution was determined based on reports and 
our preliminary experimental screening (Fig. S1, Table S1). The glass 
plates were left to stand for 10 s and then immersed in distilled water 
(non-solvent) at 25 ◦C. After 30 min, the glass plates were transferred to 
fresh distilled water and immersed for more than 15 h. Membranes are 
denoted by appending “-M” to the PLA sample names (e.g., membranes 
prepared from L-PLA-100k, 4S-PLA-100k, and 8S-PLA-100k are denoted 
as L-PLA-100k-M, 4S-PLA-100k-M, and 8S-PLA-100k-M, respectively).

The viscosities of the PLA solutions were measured using plate-cone 
viscometer (RE-100, Toki Sangyo, Tokyo, Japan). The viscosities were 
measured at 25 ◦C in constant temperature room, with the lowest plate 
rotation speed of the viscometer (0.5 rpm) to minimize the effect of 
shear on solution viscosity.

2.6. Membrane characterization

2.6.1. FE-SEM observation
For surface observation, membranes were dried under vacuum and 

coated with osmium prior to analysis. Field-emission scanning electron 
microscopy (FE-SEM; JSM-7800F, JEOL Ltd.) was performed at an 
accelerating voltage of 1 kV. For cross-sectional observation, wet 
membranes were fractured in liquid nitrogen and then dried under 
vacuum. In this case, the samples were coated with platinum prior to 
analysis and FE-SEM (JSM-6610LA, JEOL Ltd.) was conducted at an 
accelerating voltage of 5 kV.

2.6.2. Bulk porosity
The bulk porosity (φ; %) of the membranes was calculated from the 

weights of the wet membrane (Wwet) and corresponding dry membrane 
(Wdry) using Eq. (1): 

φ =

(
Wwet − Wdry

ρwater

)

(
Wwet − Wdry

ρwater
+

Wdry

ρPLA

)× 100 (1) 

where ρwater is the density of water (1) and ρPLA is the density of PLA 
(1.25) [29].

2.6.3. Water permeance
Pure water permeance was measured by pressurizing distilled water 

on the top surface (in this study, top surface (the surface facing water 
during phase separation) had fine pores and bottom surface (the surface 
facing the glass substrate during phase separation) had macropores (see 
Scheme 1)). The transmembrane pressure was adjusted to 0.05–0.10 
MPa by controlling the valve on the concentrated side. To ensure stable 
measurements, pure water permeance was measured 40 min after the 
beginning of pressurization.

2.6.4. Rejection and molecular weight cut-off (MWCO)
The separation performance can be evaluated by determining the 

Table 1 
Polymerization conditions, number-average molecular weight (Mn), weight-average molecular weight (Mw), and dispersity (Mw/Mn) of PLAs.

Run Sample Initiator Time Mn Mw Mw/Mn

Alcohol Branch number mol% [min.] [− ] [− ] [− ]

1 HO-PLA-OH Ethylene glycol – 0.50 120 42,200 52,700 1.25
2 HOOC-PLA-OH l-lactic acid – 0.07 90 19,100 27,000 1.42
3 L-PLA-100k – – – – 81,400 97,300 1.20
4 4S-PLA-100k Pentaerythritol 4 0.07 120 81,300 95,800 1.18
5 8S-PLA-100k Tripentaerythritol 8 0.20 90 87,000 94,500 1.09
6 4S-PLA-65k Pentaerythritol 4 0.07 50 62,000 65,900 1.06
7 4S-PLA-50k Pentaerythritol 4 0.20 45 48,100 50,000 1.04

Scheme 1. Procedure of membrane preparation via NIPS and schematic diagram of PLA membrane.
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MWCO using PEGs with different molecular weights [30]. PEG 600, PEG 
6,000, PEG 10,000, PEG 20,000, PEG 35,000, and PEG 100,000 (each 
500 ppm) were dissolved in distilled water to obtain PEG aqueous feed 
solutions. The solutions were supplied to the membrane at 50–100 kPa 
under cross-flow filtration with stirring at 800 rpm. The rejection Ri (%) 
of PEG of molecular weight i was calculated using Eq. (2): 

Ri = 1 −

(
Cpi

Cfi
× 100

)

(2) 

where Cpi and Cfi are the concentrations of PEG of molecular weight i in 
the permeate and feed solutions, respectively, determined by GPC with 
RI detection (GPC-RI) [30]. Ri was determined for PEG with a molecular 
weight range of 6000–200,000. MWCO was defined as the molecular 
weight at which Ri reached 90 %. GPC measurements were performed at 
40 ◦C using a GPC system (Nexera, Shimadzu, Kyoto, Japan) equipped 
with an RI detector (RID-20A, Shimadzu) and two columns (OHpak 
SB-806 M HQ columns, Shoko Science Co., Ltd.) with an mobile phase 
flow rate of 1.0 mL/min. The mobile phase was distilled water con
taining NaNO3 (50 mmol/L) and NaN3 (0.02 wt%). A calibration curve 
was prepared using Easi Vial PEG/PEO standards.

2.6.5. Thermal analysis
Differential scanning calorimetry (DSC) thermograms were 

measured using a DSC module (DSC6200, Hitachi High-Tech Co., Tokyo, 
Japan) under a nitrogen atmosphere (nitrogen flow rate of 40 mL/min) 
with a heating/cooling rate of 10 ◦C/min. Samples were subjected to a 
heating–cooling–heating cycle between 0 and 190 ◦C.

2.6.6. Hydrolysis test
Borate buffer (pH 9, 3 mL) was placed in screw-cap vials with a 

diameter of about 15 mm. Dried PLA membranes (10 × 10 mm) were 
immersed in the borate buffer. The samples were incubated at 65 ◦C for 
20, 45, 88, 125, and 215 h for alkaline hydrolysis. Hydrolysis condition 
described above was set as an accelerated aging. The hydrolysis tem
perature was set at 65 ◦C, which is above Tg of PLA and thus promotes 
hydrolysis. At high pH values such as pH 14, hydrolysis occurs too 
rapidly (80 % of weight was lost in 3 h) and is unsuitable for analysis, 
therefore, pH 9 was selected. After hydrolysis, the membranes were 
collected by suction filtration using 1.0-μm membrane filters and then 
washed with water. The membranes were dried under vacuum for 5 h 
and then Mn was determined by GPC-MALS (see Section 2.4). The 
normalized Mn was calculated from the number-average molecular 
weight after hydrolysis (Mn after) and number-average molecular weight 
before hydrolysis (Mn before). 

Normalized Mn =
Mn after

Mn before
× 100 (3) 

3. Results and discussion

3.1. Synthesis of PLA and evaluation of branch structure

To investigate the effects of PLA molecular structure on membrane 
structure, performance, and hydrolysis behavior, PLAs with comparable 
Mw but different branch number were synthesized. The star-branched 
PLA used in this study consisted of PLA arm chains extending from a 
central initiator, and the target molecular weight of PLA was determined 
as follows. The entanglement molecular weight (Me) of PLA is approx
imately 9000 [31]. Consequently, for star-branched PLA, if the molec
ular weight of one arm is below Me, chain entanglement does not occur, 
resulting in a considerable decrease of mechanical strength. Therefore, 
Mn must be set so that one chain exceeds Me. Specifically, for eight-arm 
star-branched PLA, Mn needed to exceed 72,000 (9000 × eight arms) to 
ensure entanglement. For this reason, the lower limit of Mn was set as 72, 
000. When eight-arm star-branched PLA with Mn = 42,000 (Mn of one 
arm was 5250) was used for membrane preparation, the resulting porous 

membrane had extremely low mechanical strength and collapsed upon 
handling. Similarly, for four-arm star-branched PLA, Mn = 36,000 
(9000 × four arms) was set as the lower limit of Mn. In addition, because 
Mw correlates more strongly with physical properties than Mn, synthesis 
conditions were adjusted to produce PLAs with comparable Mw. In this 
study, because dispersity was controlled within a narrow range (Mw/Mn 
≤ 1.2), when the lower limit of Mn was 72,000, the corresponding Mw 
was 86,400 (72,000 × 1.2). We decided to use PLA with a Mw of around 
100,000 for membranes.

Polymerization results are summarized in Table 1. A series of linear 
and branched PLAs (Run 1, 2, and 4–7) were synthesized via ring- 
opening polymerization of lactide with organocatalyst (Fig. 1(a)). 
Because linear PLA with Mw = 100,000 was not obtained by this method, 
we attempted esterification of linear PLA with hydroxyl end groups and 
another linear PLA with a carboxylic acid terminal group to obtain the 
desired linear PLA with high Mw [32]. Specifically, linear PLA with 
hydroxyl groups at both ends (HO-PLA-OH, Run 1) was synthesized and 
then condensed with linear PLA with a carboxylic acid group at one end 
and a hydroxyl group at the other end (HOOC-PLA-OH, Run 2) ac
cording to Fig. 1(b) to increase Mw. Because the end functional groups 
are considered to affect the membrane structure and hydrolysis 
behavior, hydroxyl groups were used as end groups for all PLAs. Frac
tional precipitation was performed by dissolving the obtained crude PLA 
in THF and gradually adding methanol to precipitate the desired linear 
PLA with Mw = 97,000 and Mw/Mn = 1.20 (L-PLA-100k, Table 1, Run 3). 
Subsequently, four-arm star-branched PLA (4S-PLA-100k, Run 4) and 
eight-arm star-branched PLA (8S-PLA-100k, Run 5) with Mw comparable 
to that of L-PLA-100k (Run 3) were synthesized. 4S-PLA-100k and 
8S-PLA-100k had Mw of 95,800 and 94,500, respectively, and narrow 
dispersity (Mw/Mn ≤ 1.20). 1H NMR spectroscopy measurements 
revealed that the catalyst was completely removed during purification 
(Fig. S2(a)–(c)). To evaluate the effect of Mw on membrane structure, 
performance, and hydrolysis behavior, four-arm star-branched PLAs 
with different Mw (4S-PLA-65k and 4S-PLA-50k, Run 6 and 7) were 
synthesized by changing the monomer/initiator ratio and polymeriza
tion time of ring-opening polymerization. 4S-PLA-65k and 4S-PLA-50k 
possessed Mw of 65,900 and 50,000, respectively, and had narrow dis
persity (Mw/Mn ≤ 1.20).

The branch structures of L-PLA-100k, 4S-PLA-100k, and 8S-PLA- 
100k were analyzed by GPC. A plot of the hydrodynamic radius of 
PLA molecules in solution against molecular weight M (Fig. 2(a)) indi
cated that the hydrodynamic radius decreased in the order of L-PLA- 
100k > 4S-PLA-100k > 8S-PLA-100k. This means that the branching 
degree of PLA can be controlled by the functional group number of the 
initiator. This trend was also confirmed from the branching ratio g’M, 
which was calculated from the intrinsic viscosities of the branched and 
linear polymers ([η]br and [η]lin, respectively) using Eq. (4) (Fig. 2(b)) 
[33]. A smaller g’M value indicates a higher branch number. Fig. 2(b) 
shows that the branch number increased in the order of L-PLA-100k <
4S-PLA-100k < 8S-PLA-100k. These results demonstrate that the branch 
structure of PLA can be effectively controlled by varying the functional 
group number of the initiator. 

gʹ
M =

(
[η]br

[η]lin

)

M
(4) 

3.2. Effect of PLA molecular structure on membrane structure

In this section, we examine how PLA molecular structure and mo
lecular weight affect membrane structure. Regarding the membrane 
preparation conditions, the PLA solution concentration of 20 wt% was 
determined based on our preliminary experimental screening (Fig. S1
and Table S1). At a lower concentration (10 wt%), the resulting mem
branes exhibited insufficient mechanical strength. In contrast, at a 
higher concentration (30 wt%), although the mechanical strength was 
improved, surface pores were hardly observable by SEM, making the 
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membranes unsuitable for structural characterization. Therefore, 20 wt % was selected as a balanced condition that allows the formation of 

Fig. 1. Synthesis of PLA. (a) Ring-opening polymerization of L-lactide with organocatalyst. (b) Esterification of HO-PLA-OH and HOOC-PLA-OH to synthesize L- 
PLA-100k.

Fig. 2. (a) Relationship between the molecular weight and hydrodynamic radius of PLA. (b) Relationship between the molecular weight and branching ratio of PLA. 
Horizontal axes represent the molecular weight distribution obtained by GPC, not average molecular weight.
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mechanically stable membranes with clearly observable surface pores, 
enabling both performance evaluation and structural analysis.

Membranes were prepared using PLAs with similar Mw (~100,000) 
but different branch number and then their structures were observed by 
FE-SEM (Fig. 3(a)–(c), Fig. S3(a)–(c)). The finest pores were formed on 
the membrane surface that faced the solvent during phase separation 

(top surface). 8S-PLA-100k-M (Fig. 3(c2)) exhibited the largest pore 
diameter of the membranes. Cross-sectional FE-SEM images (Fig. 3(a3), 
(b3), and (c3)) revealed that all PLA membranes possessed the charac
teristic finger-like macrovoid structure derived from the NIPS method. 
In the membranes, the fine pores in the top surface have the strongest 
effect on separation and permeability performance; therefore, FE-SEM 

Fig. 3. FE-SEM images of (a)–(c) PLA membranes with similar weight-average molecular weight Mw and different branch number, and (d)–(f) four-arm star-branched 
PLA membranes with different Mw. (b) and (d) show FE-SEM images of the same membrane. “Top surface” and “bottom surface” indicates the surfaces of non-solvent 
facing and glass plate facing side during phase separation, respectively (see Scheme 1).
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images of the membrane top surfaces (Fig. 3(a2), (b2), (c2)) were 
analyzed. The results (Fig. 4(a) and Table 2) indicated that membranes 
with a higher branch number exhibit larger pore diameter in their top 
surface. In particular, the pore size distribution of 8S-PLA-100k-M with 
the largest branch number of the membranes showed an increase in the 
number of large pores with diameters exceeding 50 nm (Fig. 4(a)).

Next, to investigate the effect of Mw on membrane structure, mem
branes were prepared from four-arm star-branched PLAs with different 
Mw. The structures of these membranes were observed by FE-SEM (Fig. 3
(d)–(f), Fig. S3(d)–(f)). The top surface again contained the finest pores, 
and 4S-PLA-50k-M (Fig. 3(f2)) had the largest pore diameter among the 
membranes. Cross-sectional FE-SEM images (Fig. 3(d3), (e3), and (f3)) 
revealed the presence of finger-like macrovoid structures in all mem
branes. The image analysis results of top surface (the surfaces with fine 
pores) are presented in Fig. 4(b) and Table 2. Membranes prepared from 
PLAs with lower Mw tended to have pores with larger diameters in their 
top surfaces. In particular, 4S-PLA-50k-M, which was the PLA with the 
lowest Mw, exhibited pores exceeding 100 nm, as shown in Fig. 3(f2) and 
in its pore size distribution in Fig. 4(b).

3.3. Effect of PLA molecular structure on membrane performance

Subsequently, we investigated how molecular structure and Mw 
affect membrane performance. The separation performance of mem
branes prepared from PLAs with similar Mw (~100,000) but different 
branch numbers was evaluated (Fig. 5(a), Table 2). Membranes with 
higher branch number exhibited larger MWCO values determined with 
PEG, indicating larger pore diameters than those of membranes with 
lower branch number. Next, the separation performance of membranes 
prepared from four-arm star-branched PLAs with different Mw was 
evaluated (Fig. 5(b)–Table 2). The results indicated that membranes 
composed of PLAs with lower Mw showed higher MWCO values and 
larger pore size than those of membranes prepared from PLAs with 
higher Mw. 4S-PLA-50k-M with the lowest Mw of the membranes rejec
ted <95 % of PEG with high molecular weight (above 100,000), indi
cating the presence of larger pores. The MWCO results displayed similar 
trends to those of the FE-SEM analysis (Fig. 4, Table 2), confirming that 

the pore structure of the membrane top surface strongly influences 
separation performance.

The permeance of the PLA membranes (Table 2) differed by up to 20 
times (4S-PLA-100k-M and 8S-PLA-100k-M). Therefore, we investigated 
the parameters of membrane structure that affect permeance. Note that 
diameter equivalent to MWCO [nm] was calculated by assigning MWCO 
to the PEG molecular weight (M) using Eq. (5) [34] which used for 
determining the PEG molecular diameter (D [nm]): 

D [nm] = 33.46 × 10− 3 × M0.557 (5) 

It should be noted that this pore diameter represents an apparent or 
effective value derived from MWCO, rather than a directly measured 
pore size. Parameters affecting permeance may include pore diameter, 
surface porosity, and bulk porosity as well as internal structural features 
such as tortuosity and effective flow-path length. The bulk porosity 
determined from water content was about 80 % for all membranes 
(Table 2), indicating that differences in permeance were not caused by 
bulk porosity. A clear relationship between permeance and the square of 
pore diameter (Fig. S4(a)) was observed. Furthermore, a strong rela
tionship was observed with top-surface porosity (Fig. S4(b)), suggesting 
that surface porosity is the dominant factor affecting permeance. A 
strong relationship between permeance and the product of the square of 
pore diameter and surface porosity (equivalent to the fourth power of 
pore diameter) was observed (Fig. 6(a)). This correlation is qualitatively 
consistent with a Hagen–Poiseuille-type dependence and can serve as an 
engineering-level description of the observed permeance trends. How
ever, given that part of the pore diameter is derived from MWCO and 
NIPS membranes typically exhibit asymmetric structures such as finger- 
like macrovoids and a dense skin layer, this relationship should not be 
interpreted as a deterministic transport mechanism. Instead, it should be 
regarded as an approximate or empirical correlation under the current 
dataset and structural assumptions.

We next considered the factors causing differences in membrane 
structure based on molecular structure and molecular weight. Although 
crystallization can influence phase separation in some cases [35], no 
melting peaks (typically observed at 160–180 ◦C) were detected in the 
DSC thermograms of any PLA membranes (Fig. 6(b)). This result 

Fig. 4. Pore diameter distribution (top surface) of PLA membranes obtained by FE-SEM image analysis. (a) PLA membranes with similar weight-average molecular 
weight Mw and different branch number. (b) Four-arm star-branched PLA membranes with different Mw.
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indicates that all samples were amorphous and crystallization did not 
contribute to the observed structural changes. The small endothermic 
peak around 60 ◦C is attributed to enthalpy relaxation rather than 
melting (DSC thermograms of PLA membranes in the first cooling and 
second heating steps are shown in Fig. S5(a) and (b).) Next, we focused 
on the viscosity of PLA solution in phase separation. For the same Mw, an 
increase in the branch number of star-branched polymers lowers mo
lecular entanglement, leading to a decrease in intrinsic viscosity [η] 
[36]. In the case of the same branch number, a decrease of Mw leads to a 
decrease of [η] according to the Mark–Houwink–Sakurada equation: 

[η] = K⋅Ma
w (6) 

where K and a are constants determined by polymer structure, solvent, 
and temperature. Therefore, we focused on the solution viscosity as a 
factor that might affect the membrane structure. Although the results 
were obtained using DMF/LiBr as the mobile phase, GPC-MALS-VISCO 
measurements showed that [η] decreases with increasing PLA branch 
number or decreasing Mw (Fig. 6(c)). Both Mw and [η] changes followed 
the Mark–Houwink–Sakurada equation (Eq. (6)). Since PLA solutions 
with a concentration of 20 wt% (solvent: NMP) was used in membrane 
preparation, the viscosity (η) of this solution was measured using a 
viscometer (Fig. 6(d)). Although Fig. 6(c) and (d) correspond to different 
PLA concentrations and represent the dilute and concentrated solution 
regimes, respectively, no significant differences were observed in the 
relationships between Mw, branch number and viscosity in these two 
regimes.

It is considered that lower viscosity promotes faster molecular 
movement in the PLA solution and faster structure growth during phase 
separation [37,38], which leads to larger pore diameter and higher 
surface porosity. Fig. 6(e) indicates that membranes prepared from so
lutions with lower η values tend to have larger MWCO (i.e., larger pore 
diameter). A previous study on separation membranes using 

stereocomplex PLA indicated that increasing the stereocomplex ratio 
lowered the viscosity of the preparation solution [16]. Furthermore, 
membranes with larger pore diameter and higher water flux were ob
tained at lower viscosities [16], consistent with this study. Simulations 
exploring the relationship between phase separation structure and 
polymer relaxation time showed that shorter relaxation times lead to 
faster structural development and the formation of larger phase sepa
ration structures [37]. Relaxation time shortens as the viscosity of a 
polymer solution decreases [37]. As shown in Fig. 6(d), both an increase 
of branch number and decrease of Mw resulted in lower η, indicating that 
the relaxation time was also shortened. Therefore, it is considered that 
the shorter relaxation time caused by a higher branch number or lower 
Mw promoted development of phase separation structure, leading to the 
formation of larger pores and increased surface porosity. Overall, the 
observed changes in membrane structure with increasing branch num
ber or decreasing Mw can be attributed to decreased chain entanglement, 
which led to lower viscosity and shorter relaxation times during phase 
separation.

The tensile test results (Table S2) showed that decreasing of the 
branch number or increasing of the Mw tended to result in higher tensile 
strength and higher elongation at break. In addition to this, 8S-PLA- 
100k-M exhibited higher permeation performance compared with 4S- 
PLA-50k-M (with a comparable MWCO), while the strength and elon
gation of 8S-PLA-100k-M were slightly higher than 4S-PLA-50k-M. 
Therefore, when aiming to achieve large pore size and high perme
ation performance, increasing the branch number is considered to be 
more advantageous than reducing the molecular weight.

In this study, it is necessary to distinguish the effects of branch 
number and Mw of PLA on membrane properties into direct and indirect 
contributions. For example, branch number and Mw directly change 
microscopic factors of molecular structure such as branching point 
density and chain packing density, thereby affecting chain entanglement 
and exerting a direct influence on the mechanical strength of the 

Table 2 
Structure, permeability, and separation performance of PLA membranes.

Sample Pore diameter a

(top surface)
Aperture ratio a

(top surface)
Porosity b

(bulk)
Water permeance MWCO Diameter equivalent to MWCO

Average C. V. c

[nm] [%] [%] [%] [L/(m2 h bar)] [− ] [nm]

L-PLA-100k-M 12 61 6.2 80.1 13 15,000 7.1
4S-PLA-100k-M 14 65 4.5 79.8 8.0 17,000 7.6
8S-PLA-100k-M 22 72 18 80.3 160 52,000 14
4S-PLA-65k-M 20 58 12 80.0 90 47,000 13
4S-PLA-50k-M 27 69 16 79.7 140 52,000 14

a Calculated by FE-SEM image analysis.
b Measured by water content.
c Coefficient of value = (standard deviation/average) × 100.

Fig. 5. MWCO of PLA membranes determined with PEG. (a) PLA membranes with similar Mw and different branch number. (b) Four-arm star-branched PLA 
membranes with different Mw. Horizontal axes represent the molecular-weight distribution obtained by GPC, not average molecular weight.
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membranes. On the other hand, the branch number and Mw also change 
solution viscosity and consequently affect phase separation behavior, 
which induces variations in the macroscopic factors: porous membrane 
structure. As a result, they are considered to indirectly influence me
chanical strength through changes in membrane structure. Similarly, the 
branch number and Mw are considered to indirectly affect membrane 
structure and the associated membrane performance. Thus, it should be 
noted that the branch number and Mw of PLA exert combined effects on 
the membrane properties. Regarding membrane structural design, it was 
clarified that the use of linear PLA leads to membranes with finer pore 
sizes and higher mechanical strength, whereas the use of eight-arm star- 
branched PLA results in membranes with larger pore sizes and higher 
water permeance.

Table 3 provides a comparative summary of the performance of our 
PLA membranes with previously reported membranes. Although direct 
comparison is qualitative only because previous studies used bovine 
serum albumin (BSA) (molecular weight = 66,000) for rejection tests, 
the permeance of our membranes lies between those of membranes re
ported by Moriya et al. [12] and Shen et al. [39]. The rejection 

performance of our membranes is higher than that of many reported 
membranes. Improvement of membrane preparation by controlling 
branch shape (e.g., comb-like or long-chain branching) and solution 
viscosity during phase separation in addition to branch number and 

Fig. 6. (a) Relationship between pore diameter, surface porosity, and water permeance of PLA membranes. (b) DSC thermograms of PLA membranes (first heating 
run). The curves are shifted vertically for clarity. (c) Relationship between intrinsic viscosity ([η]) measured by GPC-MALS-VISCO using DMF/LiBr solution, weight- 
average molecular weight (Mw), and branch number for each PLA. (d) Relationship between viscosity (η) of 20 wt% PLA solution (solvent: NMP) measured by 
viscometer, Mw, and branch number for each PLA. (e) Relationship between MWCO of PLA membranes and η of 20 wt% PLA solution (solvent: NMP).

Table 3 
Comparison of the performance of current and previously reported PLA 
membranes.

Membrane Water 
permeance

Rejection Reference

[L/(m2 h bar)] [%]

PLA (8S-PLA-100k-M) 160 PEG: 94 This study
PLA (stereocomplex) 3325 BSA: 90 Zhu Xiong et al. [16]
PLA 880 BSA: 80 Moriya et al. [12]
PLA + PLA-co-PEG (3 wt 

%)
110 BSA: 

~100
Shen et al. [39]

PLA + PBS(2 wt%) blend 18 BSA: 88 Keawsupsak et al. 
[40]

BSA: molecular weight = 66,000, PEG: molecular weight = 66,000.
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molecular weight is expected to further enhance both membrane per
meance and separation performance.

3.4. Effect of molecular structure on the hydrolysis of PLA membranes

Finally, we investigated how molecular structure and Mw affect the 
hydrolysis behavior of PLA membranes. As a normal hydrolysis test, PLA 
membranes were immersed in phosphate buffer (pH 7) at 35 ◦C, and no 
change of Mn was observed. Then, as an accelerated hydrolysis test, 
membranes with different branch number were immersed in borate 
buffer (pH 9) at 65 ◦C and the change of Mn was monitored to investigate 
the effect of branch structure on hydrolysis. Because hydrolysis involves 
chemical reactions, Mn changes were analyzed according to a previous 
study [23]. Fig. 7(a) shows the time-dependent change of normalized Mn 
during hydrolysis (Not normalized Mn were shown in Fig. S6). Up to 
~88 h, the order of normalized Mn from highest to lowest was 
L-PLA-100k-M > 8S-PLA-100k-M > 4S-PLA-100k-M; thereafter, the 
order changed to 8S-PLA-100k-M > L-PLA-100k-M > 4S4-PLA-100k-M. 
It is considered that the molecular chain density in star-branched 
polymers is higher near branch points (derived from the initiator) and 
decreases toward chain ends. Because the density near branch points 
increases with branch number, it is considered that water penetration 
and hydrolysis are inhibited more strongly near the branch points with 
increasing branch number. Therefore, the four- and eight-arm star-
branched PLAs, which have a larger proportion of chain-end segments 
with lower density than that of linear PLA, are hydrolyzed faster than 
linear PLA initially. However, as hydrolysis proceeds, the eight-arm 
star-branched PLA, which is the most resistant to hydrolysis around 
the branch point, may begin to decompose more slowly than the other 
samples. To experimentally investigate the relationship between branch 
number and water penetration described above, Fourier transform 
infrared spectroscopy (FTIR) was employed to evaluate water uptake 
(Fig. S7 and Table S3). To eliminate the influence of porous structures, 
nonporous PLA films (see supplementary information section 1.2.) were 
used, and they were immersed in borate buffer (pH 9) at 65 ◦C for 88h 
before FTIR measurement. Since the O–H stretching vibration origi
nating from absorbed water appears at 3654 cm− 1 [41,42], the water 
uptake of each PLA sample was compared using the ratio of the O–H 
peak intensity to that of the methine groups of the PLA backbone (2882 
cm− 1). As shown in Fig. S7 and Table S3, the water uptake decreases 
with increasing branch number, suggesting that a higher density of 
branching points suppresses water penetration into the polymer matrix. 
Therefore, PLA with higher branch number may suppress water pene
tration, and thus, hydrolysis proceeds more slowly. Meanwhile, 
chain-end segments with lower density in branched PLA may promote 
hydrolysis as described above. Therefore, the balance between densities 
of branching point and chain-end segments is important to promote 

hydrolysis. These findings suggest that at Mw ~100,000, four-arm 
star-branched PLA has a suitable balance of these to promote hydrolysis.

Next, to evaluate the effect of Mw on hydrolysis behavior, the hy
drolysis of membranes composed of four-arm star-branched PLAs of 
different Mw was evaluated. Fig. 7(b) shows the time-dependent change 
of normalized Mn of the membranes. Across the hydrolysis period, 
membranes with higher initial molecular weight were hydrolyzed more 
rapidly. This may be attributed to the fact that for PLA with lower Mw, 
the ratio of branch points (derived from the initiator) to molecular 
weight is higher, resulting in higher local chain density near the branch 
points, which inhibits water penetration and hydrolysis. As shown in 
Fig. S7 and Table S3, the water uptake decreases with increasing Mw, 
indicating that an increased density of branching points suppresses 
water penetration into the polymer matrix. They also support that the 
balance between densities of branching point and chain-end segments is 
important to promote hydrolysis as described above. Therefore, for four- 
arm star-branched PLA, increasing Mw appears to promote hydrolysis.

Crystalline domains hydrolyze more slowly than amorphous ones in 
biodegradable polymers [43]. DSC measurements (Fig. 6(b)) revealed 
no obvious melting peaks in the thermograms of the membranes, con
firming their amorphous state. Therefore, the difference in the hydro
lysis behavior of the membranes cannot be attributed to the presence of 
crystalline domains.

In the same manner as discussed in Section 3.3, the effects of branch 
number and Mw on hydrolysis behavior were also classified into direct 
and indirect contributions. Branch number and Mw directly change 
factors of molecular structure such as branching point density and chain 
packing density, thereby directly influencing hydrolysis behavior. In 
addition, they also affect for membrane porous structure inducing 
change of surface area, which alters water uptake behavior as an indirect 
effect. However, since the hydrolysis tests in this study were conducted 
above Tg of PLA, thermal shrinkage occurred at a very early stage 
(within 20 h), making it difficult to systematically evaluate the influence 
of membrane structure on hydrolysis behavior in the present work. From 
the viewpoint of molecular design for hydrolysis properties, a moderate 
branch number, such as that of four-arm PLA, is effective in accelerating 
hydrolysis, whereas linear and highly branched structures (eight-arm 
PLA) require longer hydrolysis times. As described above, it should be 
noted that the branch number and Mw of PLA exert combined effects on 
the membrane structure, membrane properties, and hydrolysis 
behaviors.

For practical application of PLA membranes in water treatment, 
antifouling performance and long-term operational stability are impor
tant. Since PLA is hydrophobic polymer [44], blending or surface 
modification with hydrophilic polymers can enhance surface hydro
philicity and potentially improve antifouling performance. In addition, 
long-term operational test is necessary to investigate stability of 

Fig. 7. Time-dependent change of normalized number-average molecular weight Mn during hydrolysis tests. (a) PLA membranes with similar Mw and different 
branch number. (b) Four-arm star-branched PLA membranes with different Mw.
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blending, surface modification and membrane performance. In an eco
nomic perspective, commercial PLA resins are available at costs com
parable to or lower than those of conventional membrane polymers such 
as polysulfone and polyvinylidene fluoride, and PLA membranes can be 
prepared via NIPS process, suggesting potential for cost-competitive 
commercialization.

4. Conclusion

PLAs with varied molecular structures were synthesized via ring- 
opening polymerization with an organocatalyst. GPC measurements 
confirmed narrow molecular-weight distributions with controlled 
branch structure and molecular weight. Porous membranes prepared 
from the PLAs via NIPS demonstrated that both higher branch number 
and lower Mw led to increased MWCO. This behavior is attributed to 
decreased solution viscosity promoting development of phase separa
tion. The membranes exhibited relatively high MWCO compared with 
that of previously reported PLA membranes. Further improvement of 
casting conditions is expected to increase permeance and separation 
performance.

In accelerated hydrolysis tests, the decrease ratio of molecular 
weight at 215 h was the largest for four-arm star-branched PLA. This 
suggests that moderate branch number accelerates hydrolysis, whereas 
excessive branch number inhibits water penetration and hydrolysis 
around the branch core. For the four-arm star-branched PLA mem
branes, higher Mw increased the hydrolysis rate, which is possibly 
caused by the greater fraction of rapidly hydrolyzable arm segments. 
Overall, this study demonstrates that both the performance and hydro
lizability of sustainable PLA UF membranes can be enhanced by con
trolling PLA branch structure and molecular weight.
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