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Abstract

A star-shaped trifunctional acyl chloride bearing ether linkages was synthesized as an alternative to the commonly

used trimesoyl chloride (TMC) in the preparation of polyamide thin film composite membranes (TFC). Although

this star-shaped acyl chloride has the same functionality as TMC, it is larger in size and its acyl chloride groups

are less reactive due to the electron donating ether linkages. In this work, we prepared TFC membranes by the

interfacial polymerization of both this star-shaped acyl chloride and TMC with either one of the two structural isomers:

m-phenylenediamine (MPD) or p-phenylenediamine (PPD). No strong effect was observed of the substitution pattern

of the aromatic diamine on the membrane formation with TMC, due to the high reactivity of the acyl chloride groups

of TMC. In contrast, the use of this star-shaped acyl chloride results in significant differences in the properties of

the formed TFC membrane depending on the use of MPD or PPD. Where TMC-MPD membranes are well-known

for their excellent retention, we could not obtain defect-free membranes prepared from MPD and this star-shaped

triacyl chloride (Rrose bengal<77%). The use of PPD instead of MPD, however, did result in defect-free membranes

(Rrose bengal>97%) with an acceptable clean water permeance (2.5 L m-2 h-1 bar-1).
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1. Introduction

Thin film composite (TFC) membranes are nowadays the industrial standard for, e.g., reverse osmosis (RO). These

TFC membranes consist of a thin dense top layer that is the actual separating layer, and a porous support that provides

mechanical strength [1]. The first TFC membranes were developed by John Cadotte [2], who reported on a method to

make these TFC membranes by interfacial polymerization (IP). Membranes prepared by IP showed to have a higher

water flux and salt rejection as compared to membranes prepared by the Loeb-Sourirajan process. In a typical IP

reaction, a bifunctional amine is dissolved into the aqueous phase, and a trifunctional acyl chloride is dissolved into
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the organic phase [3]. These two monomers form a dense top layer at the interface of the two immiscible phases.

The all-aromatic, highly cross-linked polyamide prepared from m-phenylenediamine (MPD) and trimesoyl chloride

(TMC) [4], developed by John Cadotte, is used for the preparation of most commercial TFC membranes.

Alternative chemical structures to the commonly used MPD and TMC monomers have been published in literature

[5]. All aim for improved membrane properties, such as enhanced permeability, salt rejection, stability, or fouling

resistance. It was found that the substitution patterns of the aromatic rings of both the amine and the acyl chloride

monomer have a strong effect on the rejection of the resulting membranes [6, 7]. For example, the performance of

membranes prepared from either MPD or p-phenylenediamine (PPD) by the interfacial polymerization with TMC has

been studied extensively [8–10]. It was found that TMC-MPD membranes have a more flexible chain structure as

compared to TMC-PPD membranes [11], and hence have a higher water flux while retaining a similar salt rejection.

In addition to the trifunctional monomer TMC, membranes have been prepared from the bifunctional acyl chlo-

rides isophthaloyl chloride (IPC) [6, 12, 13] or terephthaloyl chloride (TPC) [6]. The use of these bifunctional acyl

chlorides reduces the amount of unreacted acyl chloride groups, but also results in linear polyamides when reacted

with diamines. As compared to TMC-based membranes, the lower degree of cross-linking of IPC and TPC derived

membranes results in a lower salt rejection [7, 14] and potentially in an increased swelling propensity. Therefore,

one can claim that to be able to obtain highly cross-linked and stable top layers, the acyl chloride used should have a

functionality of at least three.

A possible method to increase the acyl chloride functionality is to decorate a biphenyl with acyl chloride groups.

A series of acyl chloride biphenyls with varying functionalities has been reported in literature by various authors. For

example, the trifunctional 3,4',5-biphenyl triacyl chloride (BTRC) and the tetrafunctional 3,3',5,5'-biphenyl tetraacyl

chloride (mm-BTEC) have been used in the preparation of TFC membranes [15]. These membranes were prepared

from the interfacial polymerization of MPD with either BTRC or mm-BTEC. The performance of these membranes

was compared to that of classical TMC-MPD membranes. BTRC-MPD membranes showed to have a higher cross-

linking degree as compared to TMC-MPD membranes, resulting in a lower water permeance and higher salt rejection.

Introducing the tetraacyl chloride mm-BTEC resulted in a further decrease of water permeance and increase in salt

rejection. Further studies revealed that the use of BTEC structural isomers has a strong influence on the membrane

performance. Membranes prepared from MPD and either om-BTEC or op-BTEC showed a significant increase in

water permeance, while the rejection remained almost identical to mm-BTEC derived membranes [16].

In addition, membranes prepared from the pentafunctional biphenyl pentaacyl chloride [17] and the hexafunctional

biphenyl hexaacyl chloride [18] have been reported in literature. The membranes prepared from these acyl chlorides

with MPD follow the same trend as found for the tri- and tetrafunctional biphenyl acyl chlorides (Li et al.); a higher

acyl chloride functionality lowers the water permeance. The salt rejection, however, was found to be independent on

the acyl chloride functionality.

In summary, most structural variations to the commonly used TMC monomer, that are reported on in literature,

are based on small rigid biphenyls with varying acyl chloride functionality (3 ≥ f ≤ 6). In this work, we did the
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opposite and synthesized the larger and more flexible acyl chloride, 4,4',4"-[benzene-1,3,5-triyltris(oxy)]tribenzoyl

chloride (3, Scheme 1), which has three acyl chloride groups. This acyl chloride has the same functionality as TMC,

but is significantly larger. We expect that the use of such a large and flexible acyl chloride will have an effect on the

free volume, the flexibility, and the morphology of the corresponding TFC membranes, resulting in a less rigid top

layer and larger flux. In this study, TFC membranes were prepared by the interfacial polymerization of 3 with either

MPD or PPD. The influence of this acyl chloride (3) and the isomerism of the diamine on the surface characteristics

and membrane performance of the prepared membranes were compared to those of the commonly used TMC-MPD

and TMC-PPD membranes.

2. Experimental

2.1. Materials

Phloroglucinol (≥99%), 4-fluorobenzonitrile (99%), thionyl chloride (≥98%), m-phenylenediamine (MPD, 99%),

p-phenylenediamine (PPD,≥99%), and trimesoyl chloride (TMC, 98%) were obtained from Sigma-Aldrich (The

Netherlands). Dried toluene was obtained from Merck (Germany) and Alfa Aesar (Germany). All chemicals and

solvents were used as received.

2.2. Synthesis of 4,4',4"-[benzene-1,3,5-triyltris(oxy)]tribenzoic acid (2)

Compound 2 was synthesized from phloroglucinol and 4-fluorobenzonitrile, with compound 1 as intermediate,

according to the procedure described by Matsumoto et al. [19]. ATR-FTIR (ν, cm-1): 1675 (C−−O), 1230, and 1004

(C−O−C). 1H-NMR (DMSO, δ, ppm): 12.91 (s, 3H), 7.97 (d, 6H, J = 9 Hz), 7.17 (d, 6H, J = 9 Hz), 6.67 (s, 3H).

2.3. Synthesis of 4,4',4"-[benzene-1,3,5-triyltris(oxy)]tribenzoyl chloride (3)

Compound 2 (5.03 g, 0.01 mol) was dissolved in 40 mL of thionyl chloride under argon atmosphere. The mixture

was heated to 80 °C and refluxed for 17 h. Excess thionyl chloride was removed by vacuum distillation, to yield an

off-white powder (5.60 g, 100%). MP: 210 °C. ATR-FTIR (ν, cm-1): 1740 (C−−O), 1230, and 999 (C−O−C). 1H-NMR

(CDCl3, δ, ppm): 8.13 (d, 6H, J = 9 Hz), 7.11 (d, 6H, J = 9 Hz), 6.66 (s, 3H). 13C-NMR (CDCl3, δ, ppm): 167, 162,

158, 134, 128, 118, 108, 50.

2.4. Synthesis of polyamide powders

Polyamide powders were prepared by vigorously stirring 20 mL of MPD or PPD (2 w/v% in H2O, i.e., 2 g in

100 mL) with 20 mL of acyl chloride (0.1 w/v% TMC or 0.2 w/v% 3 in toluene, i.e., 0.1 or 0.2 g in 100 mL) for 15

minutes. The solids were filtered, washed with water and subsequently with acetone, and dried in a vacuum oven at

50 °C.
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Scheme 1: Synthesis of the star-shaped trifunctional acyl chloride monomer 4,4',4"-[benzene-1,3,5-triyltris(oxy)]tribenzoyl chloride.

2.5. Preparation of polyamide films on silicon wafers

A silicon wafer (1.5×1.5 cm2) was placed at the bottom of a petri dish (⌀2.5 cm). 5 mL of aqueous phase (2 w/v%

amine) was poured into the petri dish. Subsequently, 3 mL of organic phase (acyl chloride in toluene) was poured on

top of the aqueous phase. After 20 s both phases were removed with a pipette, while making sure that the forming

freestanding film hit the surface of the wafer at 30 s. The film was carefully rinsed with water at least three times. The

films were dried in a vacuum oven at 50 °C.

2.6. Synthesis of TFC membranes by interfacial polymerization

Thin film composite (TFC) membranes were prepared by the interfacial polymerization of 3 with either MPD or

PPD on porous polyacrylonitrile (PAN) ultrafiltration supports (Solsep, the Netherlands). For comparison, membranes

with TMC were prepared using a similar procedure. The structure of the polyamide obtained from the reaction of MPD

or PPD with an acyl chloride is shown in Scheme 2. Because of the insufficient solubility of 3 in linear alkanes, such

as n-hexane, toluene was chosen as organic phase. All TMC-based membranes were prepared with 0.1 w/v% TMC

[20, 21]. The concentration of 3 was varied between 0.1–0.3 w/v%. The reaction time was kept constant at 30 s for

all TFC membranes.

A typical procedure for the TFC preparation is given. The PAN support was clamped in a custom-built aluminum

frame and 10 mL of aqueous solution (2 w/v% MPD or PPD in water) was poured into the frame atop of the PAN

support, and the support was soaked for 5 minutes. The excess solution was drained off, and the frame was placed

in a closed box which was flushed with nitrogen (<5% relative humidity). After 6 minutes of drying, the frame was

removed from the box, and 10 mL of organic phase (0.1 w/v% TMC or 0.1–0.3 w/v% 3 in toluene) was carefully

poured into the frame. After a reaction time of 30 seconds, the organic phase was removed and the TFC membrane

was washed with toluene. The membrane was air-dried for 5 minutes, and stored in deionized water until use.
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Scheme 2: The formation of a cross-linked network by the interfacial polymerization of a triacyl chloride (3 or TMC) with MPD or PPD resulting

in linear and cross-linked repeating units. The resulting polyamide networks contains carboxylic acid end-groups due to the hydrolysis of unreacted

acyl chloride moieties.

2.7. Characterization

The chemical structures of the membranes were analyzed by Fourier transform infrared spectroscopy (FTIR) in

attenuated total reflectance (ATR) mode on an ALPHA spectrometer (Bruker, Germany). Dried samples were pressed

onto the diamond crystal without further sample preparation.

Thermal gravimetric analysis (TGA) measurements were performed with a Perkin Elmer TGA 4000 at 10 °C min-1

under nitrogen purge in aluminum pans. Combined thermogravimetric analysis (TGA) and mass spectroscopy (MS)

measurements were performed using an STA 449 F3 Jupiter TGA with an alumina sample cup (Netzsch, Germany)

and QMS 403 D Aeolos MS (Netzsch, Germany). The methods used for these combined TGA-MS measurements are

described elsewhere [22]. Mass loss measurements were performed from 50 to 600 °C with a heating rate of 10 °C

min-1 under a nitrogen atmosphere.

Scanning electron micrographs were taken with a JEOL JSM-7610 field emission scanning electron microscope

(FE-SEM). Samples were coated with a 5 nm chromium layer (Quorum Q150T ES) prior to imaging.

Streaming current measurements were performed on a SurPASS analyzer (Anton Paar, Austria) equipped with an

adjustable gap cell. The TFC membranes were fastened to the PDMS blocks (2× 1 cm2) of the cell with double sided

adhesive tape. The pH of the electrolyte solution (5 mM KCl, pHstart ≈ 3.5) was automatically adjusted using 0.1

M NaOH. The zeta potential was measured at two different spots for each membrane coupon. From the streaming

current, the zeta potential could be derived using Equation 1:

ζ =
dI
dP
⋅

η

ε ⋅ ε0
⋅

L
Achannel

(1)
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where: ζ is the zeta potential, dI
dP is the slope of the streaming current versus pressure, η and ε are the viscosity

and dielectric constant of the electrolyte, here taken as that of water, ε0 is the permittivity of vacuum, L is the length

of the streaming channel, and Achannel is the cross sectional area of the channel.

The surface hydrophilicity of polyamide films deposited on silicon wafers was measured by static contact angle

measurements using the sessile drop method (OCA 15, Dataphysics, Germany). Five separate water drops (1 µL)

were deposited, and an image capturing the droplet was taken 3 s after the deposition.

The thickness of polyamide films deposited on silicon wafers was measured with an M2000X ellipsometer (J.A.

Woollam Co., US) equipped with focusing probes. Spectra were recorded at three incident angles: 65°, 70°, and 75°.

The film thickness was modelled (CompleteEase v4.86, J.A. Woollam Co., US) by a Cauchy layer atop of a silicon

wafer bearing a 2 nm native oxide layer (fit parameters: A, B, k, and thickness).

Clean water fluxes were measured on a custom-built setup (Convergence, the Netherlands). All measurements

were performed in cross-flow operation at a feed temperature of 25 °C with a membrane area of 46 cm2. Permeate

fluxes were measured using an M12 or M13 mini-Coriflow Coriolis mass-flow meter (Bronkhorst, the Netherlands).

Retention measurements were performed on a custom-built dead-end filtration setup. The membrane coupon (⌀39

mm), supported by a porous stainless steel disk, was mounted at the bottom of a stainless steel feed vessel. This

vessel was pressurized to 15 bar with nitrogen gas. The feed was stirred with an overhead stirrer at 600 rpm to

suppress concentration polarization. The first 20 mL of permeate was discarded from analysis.

The retention of two different solutes was determined: a 2000 pm aqueous NaCl solution and a 35 µM aqueous rose

bengal solution (dye, 1017 g mol-1). The concentration of the NaCl feed and permeate were analyzed by measuring

the conductivity and temperature of the samples using a Cond 3310 conductivity meter (WTW, Germany). The

concentration of the rose bengal feed and permeate was determined by measuring the UV-VIS absorbance of the

samples at a wavelength of 549 nm (Shimadzu UV-1800 UV-spectrophotometer).

The retention R is defined as:

R =

cfeed − cpermeate

cfeed
⋅ 100% (2)

where cfeed is the concentration of the solute in the feed, and cpermeate the concentration in the permeate. All

retention experiments were carried out in dead-end mode. As a result, the concentration of the feed changes slightly

over time. To compensate for this, the concentration of the solute in the feed was taken as the average of the original

feed and the final retentate composition.

3. Results and discussion

3.1. Synthesis of the star-shaped trifunctional acyl chloride monomer

A star-shaped trifunctional acyl chloride monomer was prepared as outlined in Scheme 1. 4,4',4"-[Benzene-

1,3,5-triyltris(oxy)]tribenzoyl chloride (3) was prepared from the reaction of phloroglucinol and 4-fluorobenzonitrile,
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followed by hydrolysis and subsequent chlorination with thionyl chloride. The chemical analysis of compound 3 can

be found in the supporting information.

3.2. Membrane synthesis and characterization

Polyamide TFC membranes have been prepared from a flexible acyl chloride and the aromatic diamines MPD and

PPD. Scheme 2 shows the structure of this polyamide. ATR-FTIR spectra of the resulting TFC membranes prepared

on PAN supports are given in Figure 1. All spectra are normalized to the PAN CN stretching at 2240 cm-1. A

strong amide I (C−−O stretching) absorbance peak is present around 1661 cm-1 (Figure 1a) in the spectra of the TFC

membranes prepared with TMC. Additionally, the TMC-MPD membrane shows a strong amide II (N−H bending)

absorbance peak at 1537 cm-1. The TMC-PPD membrane shows a shoulder at this position and a strong absorbance

peak at 1513 cm-1. Both TMC-MPD and TMC-PPD membranes show aromatic C−−C stretching absorbance peaks at

1610 cm-1 and 1451 cm-1.
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Figure 1: ATR-FTIR spectra of membranes prepared with (a) 0.1 w/v% TMC, (b) 0.1 w/v% 3, (c) 0.2 w/v% 3, and (d) 0.3 w/v% 3. All membranes

were prepared on porous PAN supports by applying a reaction time of 30 s. All spectra are normalized to the absorbance peak at 2240 cm-1,

originating from the CN stretching of PAN. The spectrum of the bare PAN support is given at the top as a reference (—). MPD-based membranes

are represented in red (—), and PPD-based membranes in black (—). A peak originating from the C−O−C bond at 1000 cm-1 is only present in the

3-based membranes.

The spectra of the 3-based membranes prepared with various concentrations of 3 are shown in Figure 1b-d. While

the ATR-FTIR spectrum of the acyl chloride 3 shows an absorbance peak due to the C−−O stretching of the acyl

chloride at 1740–1770 cm-1 (see supporting information), this peak has disappeared in the spectra of the 3-based

membranes. Instead, unreacted acyl chloride bonds hydrolyze towards carboxyl acids resulting in a small absorbance

peak present at 1725 cm-1 belonging to the C−−O stretch of the carboxylic acid.

3-PPD membranes show a strong amide I stretching around 1638 cm-1, and the amide II bending around 1516

cm-1, independent of the concentration 3 used. The aromatic C−−C stretching is present at 1591 cm-1 and 1496 cm-1

for these membranes. An additional peak compared to the TMC-based membranes is present at 1009 cm-1. This
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peak originates from the C−O−C stretching of the ether linkage present in 3. In contrast to the strong polyamide

peaks present in TMC-MPD and 3-PPD, 3-MPD shows only very small polyamide peaks, and a small peak around

1008 cm-1 originating from the C−O−C stretching. The ratio of the polyamide to PAN peaks increases slightly with 3

concentration, but stays extremely small compared to the other polyamide membranes. This indicates that relative to

the 3-PPD membranes, there is not much 3-MPD material present. This can be caused by either an extremely thin or

a discontinuous top layer.

Unreacted acyl chloride groups present in the linear polyamide units hydrolyze into carboxylic acid groups upon

contact with water. These carboxylic acid groups result in the negative surface charge which is common for polyamide

membranes. Streaming current measurements were performed on all membranes, from which the zeta potential of the

membrane’s surface could be obtained (Figure 2). Figure 2a shows the zeta potential for TMC-based membranes and

Figure 2b-d for 3-based membranes prepared with 0.1, 0.2, and 0.3 w/v% acyl chloride, respectively.
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Figure 2: The zeta potential as function of pH of TFC membranes prepared with (a) 0.1 w/v% TMC, (b) 0.1 w/v% 3, (c) 0.2 w/v% 3, and (d) 0.3

w/v% 3. All membranes were prepared on PAN supports by applying a 30 s reaction time. MPD-based polyamides are represented by red squares

(◻), and PPD-based polyamides by black circles (◯). The zeta potential of a bare PAN support is added as a reference (grey triangles,△).

As expected, the TMC-based membranes show a negative surface charge over the whole pH range due to free

carboxylic acid end-groups. In contrast to TMC, we expected that the use of the larger acyl chloride 3 would result in

a reduction of the amide and carboxylic acid groups per unit of volume, and hence a more positively charged surface.

However, from the zeta potential measurements, no significant increase in surface charge for the 3-membranes as

compared to the TMC-based membranes could be observed. Additionally, no significant differences in surface charge

could be observed between MPD-based and PPD-based membranes.

From Figure 2 we can conclude that there is a relatively large spread in the data obtained for each membrane

coupon. For each membrane coupon we measured the zeta potential on two different spots. The differences in zeta

potential for the same membrane coupon are thus caused by both charge variations in the membrane’s surface and

the error in the measurement. SEM imaging (see Section 3.3) revealed a quite homogeneous surface for all samples.
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Therefore we conclude that the variation in zeta potential is mainly caused by the measurement error, and thus no

significant differences in zeta potential could be observed for all TFC membranes.

3.3. Membrane structure and morphology

The membrane structure and morphology were examined by top-view FE-SEM imaging. Figure 3 shows the

results for the MPD-based membranes, and Figure 4 shows the results for the PPD-based membranes.
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Figure 3: Top-view scanning electron micrographs of MPD-based membranes. (a-d) 10,000x magnification, (e-h) 50,000x magnification, and (i-l)

10,000x magnification with a stage angle of 45°.

The surface morphology of TMC-MPD and TMC-PPD membranes is frequently reported in literature. For ex-

ample, Kwak et al. [9] reported FE-SEM micrographs for MPD-TMC and PPD-TMC membranes, respectively. The

authors found a typical ridge-and-valley structure [23] with a tightly packed globular structure underneath for TMC-

MPD membranes. In contrast, the surface morphology of TMC-PPD membranes looked more like a dense, finely

dispersed nodular structure. Figure 3a,e shows a similar surface morphology of TMC-MPD membranes as to that

reported by Kwak et al.. The TMC-MPD membranes have a nodular structure with ridge-and-valley features on top.

The TMC-PPD membranes (Figure 4a,e) prepared in this study show a significantly reduction in the ridge-and-valley

structure, whereas the nodular structure is clearly visible. These findings correspond relatively well to those reported
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Figure 4: Top-view scanning electron micrographs of PPD-based membranes. (a-d) 10,000x magnification, (e-h) 50,000x magnification, and (i-l)

10,000x magnification with a stage angle of 45°.
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by Kwak et al..

The substitution of TMC by compound 3 has a significant impact on the surface morphology of the polyamide

formed. The nodular structure with ridge-and-valley features has disappeared. Instead, 3-MPD membranes are found

to have a polymer film-like structure that strongly depends on the concentration of acyl chloride. From Figure 3f, it

can be clearly seen that 0.1 w/v% of 3 results in a very open polymer structure that only partially covers the PAN

support (FE-SEM images of the PAN support can be found in the supporting information). Increasing the acyl chloride

concentration to 0.2 or 0.3 w/v% results in a more densely packed polymer film that is still relatively smooth compared

to the TMC-MPD membrane. The difference in surface roughness can be seen more clearly from Figure 3i-l where

the sample stage was rotated at an angle of 45°.

The surface morphology of TMC-MPD and TMC-PPD membranes is similar. In contrast, the surface morphology

of 3-based membranes depends strongly on the isomerism of the diamine. The use of PPD results in a rough and

grain-like surface morphology. In contrast to 3-MPD membranes, no influence of the concentration of acyl chloride

on the surface morphology of 3-PPD membranes is observed.

3.4. The effect of chemical structure on the reactivity

From the FTIR and FE-SEM results it can be concluded that there is a significant difference in the reaction kinetics

of the polyamide formation when either MPD or PPD is used in the interfacial polymerization with the acyl chloride

3. The morphology of a membrane prepared by interfacial polymerization is greatly influenced by the diffusivity

and solubility of the diamine monomer into the organic phase [24, 25]. However, we expect the diffusion rate and

solubility of MPD and PPD to be similar, evidenced by the minor morphological differences found for TMC-based

membranes. Therefore, we attribute this difference to a complex interplay of several factors.

First of all, the nucleophilicity of the amine groups differs slightly for MPD and PPD, as can be concluded from

Table 1 that shows the resonance structures and pKa values for both MPD and PPD. The δ- charges present in the

aromatic ring of MPD reduce the nucleophilicity as compared to PPD that has a net zero charge in the aromatic ring.

This difference in nucleophilicity is reflected in lower pKa values for MPD as compared to PPD.

Secondly, the formation of an amide bond influences the reactivity of the remaining amine group. An amide

group is a moderately electron donating, and thus an activating, group. The δ- charges present in the aromatic ring

when one amine group has reacted towards an amide group are shown in Figure 5 for both meta- and para-substituted

amides. The electron density of an meta-amide towards the amine group is unchanged compared to the diamine

MPD. In contrast, the electron density towards the amine group is increased in an para-amide, and thus making this

para-amide a better nucleophile.

Thus, theoretically the use of a meta-substituted diamine reduces the reactivity and thus reaction rate. However,

no significant difference in membrane performance is observed for TMC-based membranes prepared with either MPD

or PPD. In addition, high performance linear polyamides with high molecular weights, such as Nomex®, Twaron®,
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Table 1: The resonance structure and pKa values of the diamines MPD and PPD.

Diamine Structure pKa1 [26] pKa2 [26]

MPD H2N

NH2

NH2H2N

MPD PPD

δ-

δ-

δ-

δ-

δ-

δ-

NH2H2N

δ-

δ-

δ-

2.50 5.11

PPDH2N

NH2

NH2H2N

MPD PPD

δ-

δ-

δ-

δ-

δ-

δ-

NH2H2N

δ-

δ-

δ-

2.97 6.31

NHH2N

O
R

H2N
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O
R
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Figure 5: Formation of amide bonds will, depending on the substitution pattern of the aromatic diamine, enhance the reactivity of the amine group.
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and Kevlar® can be synthesized from both MPD and PPD [27]. Thus the (theoretically) slightly lower reactivity of

MPD does not hamper the formation of these high molecular weight aramids.

Thirdly, the reactivity of the acyl groups of 3 is lower as compared to that of TMC due to the electron donating ether

groups that render the acyl chloride groups of 3 less electrophilic. However, the polymerization of the bifunctional

4,4'-oxybis(benzoyl chloride) (COCl−Ph−O−Ph−COCl) with various aromatic diamines yields high molecular weight

polyamides [28–30].

All these high performance polyamides are typically prepared in a single solvent. Interfacial polymerization, how-

ever, does not allow for control over the reaction stoichiometry at the interface since the concentration of monomers is

controlled by the diffusion of the diamine into the organic phase [31, 32]. The fast formation of a highly cross-linked

makes it extremely difficult to study the reaction kinetics experimentally.

Lastly, the monomer 3 is more hydrophobic as compared to TMC, and since it is a larger monomer the amount

of amide groups per unit of volume is reduced. This results in a lower ability to form hydrogen bonds per unit of

volume, and thus in a lower swelling degree of the polymer. Additionally, the packing of the polymer chains has an

influence on the properties of the polymer formed. In general, meta-amides are less densely packed as compared to

para-amides [33]. Therefore, we hypothesize that the polymer 3-MPD has the tendency to form a gel, whereas 3-PPD

precipitates more quickly into a well-defined cross-linked film. The lack of precipitation of 3-MPD results in a soft

polymer with weak mechanical properties.

3.5. Membrane performance

Table 2 shows the clean water permeance (CWP), NaCl retention, and rose bengal retention for all membranes

prepared in this study. The CWP of 3-based membranes is strongly dependent on the concentration of the acyl

chloride, and more or less independent on the isomerism of the diamine. An acyl chloride concentration of 0.1 w/v%

results in a very open top layer with a high CWP (50–65 L m-2 h-1 bar-1. Increasing the acyl chloride concentration

to 0.2 w/v% significantly reduces the CWP to the order of 4–10 L m-2 h-1 bar-1. A further increase in acyl chloride

concentration to 0.3 w/v% reduces the CWP further to 2–4 L m-2 h-1 bar-1.

The NaCl and rose bengal retention follow the same trend as the CWP. However, membranes prepared with PPD

are found to have a significantly higher NaCl retention as compared to membranes prepared with MPD. This fits well

with our hypothesis that the monomer PPD can be considered to be more reactive compared to MPD. When comparing

the retention to that of the classical TMC-MPD membranes, all 3-based membranes show a very low NaCl retention.

This is probably caused by the larger size of the 3 monomer, and thereby a larger d-spacing of the top layer.

The retention of rose bengal (1017 g mol-1) can be considered as an indicator for a defect-free top layer. Again,

higher retentions are obtained with higher concentration of acyl chloride, and retentions for PPD-based membranes

are higher than those for MPD-based membranes. Membranes prepared with 0.3 w/v% 3 and 2 w/v% PPD have a

defect-free top layer with a rose bengal retention of >97%.
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Table 2: Membrane performance for membranes prepared with 2 w/v% amine and 30 s reaction time.

Membrane cCOCl
a (w/v%) CWPb (L m-2 h-1 bar-1) RNaCl

c (%) Rrose bengal
d (%)

Sample 1 Sample 2 Sample 1 Sample 2 Sample 1 Sample 2

TMC-MPD 0.1 5.0 ± 0.2 5.5 ± 0.3 93 88 99 99

3-MPD 0.1 64.9 ± 10.1 60.6 ± 3.6 1 0 7 8

3-MPD 0.2 4.4 ± 0.3 7.3 ± 0.4 1 3 44 69

3-MPD 0.3 2.0 ± 0.3 3.7 ± 0.6 3 9 73 77

TMC-PPD 0.1 2.0 ± 0.2 2.2 ± 0.1 38 30 e e

3-PPD 0.1 49.8 ± 2.0 55.3 ± 2.6 0 0 24 39

3-PPD 0.2 8.3 ± 0.1 9.5 ± 0.3 5 6 95 89

3-PPD 0.3 2.4 ± 0.1 2.5 ± 0.1 24 16 98 97

a Concentration of acyl chloride in the organic phase.
b Clean water permeance with the 95% confidence interval that is calculated from the linear regression of the measured flux and transmem-

brane pressure. The flux was measured in cross-flow mode at a constant temperature of 25°C.
c Retention measured in dead-end mode at a transmembrane pressure of 15 bar with an aqueous 2000 ppm NaCl feed.
d Retention measured in dead-end mode at a transmembrane pressure of 15 bar with an aqueous 35 µM rose bengal feed.
e Not measured.

4. Conclusion

Here, we reported on the synthesis of a new star-shaped trifunctional acyl chloride that has been used in the

interfacial polymerization with aromatic diamines to form polyamide TFC membranes. In contrast to TMC-based

membranes, we found that the structural isomerism of the aromatic diamine has a great effect on the reaction kinetics,

the surface morphology, and the membrane performance. Membranes prepared from 3-MPD have a relatively smooth

but discontinuous top layer, where 3-PPD membranes have a grain-like surface morphology. Also the amount of

polyamide material that is formed during the interfacial polymerization differs significantly. The conversion to 3-

PPD was in the order of TMC-based polyamides, however, the conversion to polyamide 3-MPD was rather low. As

a consequence, the para-amide 3-PPD has superior membrane performance over the meta-amide 3-MPD. Defect-

free (Rrose bengal>97%) membranes were obtained with 3-PPD. These membranes are found to have a clean water

permeance of 2.5 L m-2 h-1 bar-1, and a maximum NaCl retention of 24%. However, the performance of 3-based

membranes is much lower as compared to the conventionally used TMC-MPD membranes. From this study, we can

conclude that the use of a larger and more flexible monomer does not result in an improved RO membrane.
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