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Abstract 

A bilayered polyamide-MOF membrane was synthesized on the inner surface of a hollow fiber 

support (200/350 mm ID/OD). The continuous MOF layer was crystallized by liquid phase crystal 

growth, and after that a polyamide layer was formed by interfacial polymerization on the top of 

the MOF. Firstly, the influence of time in the crystal growth of the MOF layer (from 15 to 120 

min) was studied. The main characteristics of such MOF layer were tested (gas permeance and 

selectivity, and layer thickness measurements by SEM) to decide which of them were the 

optimum to support the polyamide thin film. The final bilayered membranes were characterized 

by SEM imaging and XPS and their performance was established in the nanofiltration of a 

solution of sunset yellow (450 Da) in water. Both permeance and selectivity were improved 

compared to a conventional TFC membrane (without the MOF layer): water permeance from 0.06 

± 0.01 to 0.24 ± 0.09 L·m-2·h-1·bar-1, and dye rejection from 88 ± 2.2 to 98 ± 0.7 %). 
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1. Introduction 

Nanofiltration is a process that aims at separating economically as well as efficiently different 

mixtures that involve water and organic solvents, together with certain small molecular weight 

solutes. For this purpose, membranes with different structures have been studied and synthesized, 

among which, the thin film composite membranes (TFC) stood out the most. The structure of 

these membranes, which consists of an asymmetric support with a selective thin layer on top, 

allows to change separately the chemical properties and porosity of both layers [1]. For this 

reason, many combinations of polymers have been published [2]; some of them as commercial 

membranes, but also tailor made membranes. Cadotte et al. [3] synthesized the first TFC 

membrane in 1980. This pioneering work gave rise to a multitude of studies in which the TFC 

membranes were modified with certain fillers to enhance their flux, while keeping a high 

rejection. The new membranes obtained were the so-called thin film nanocomposite membranes 

(TFN). 

Jeong et al. [4] synthesized for the first time in 2007 a TFN membrane, including zeolites with 

the goal of improving the performance of the TFC membrane in reverse osmosis. Hereon, more 

nanostructures were combined with TFC membranes, such as: hollow zeolite spheres [5], 

functionalized TiO2 [6], functionalized multiwalled carbon nanotubes [7], and UZM-5 [8]. Lately, 

Sorribas et al. [9] studied the combination of MOF (metal-organic framework) nanoparticles and 

the TFC membranes to observe the effect of these materials on the membranes. The wide specific 

areas, as well as the organic character of the MOF structures were expected to influence the 

membrane performance in organic solvent nanofiltration. Later on, Echaide-Górriz et al. [10] 

studied the effect of other MOF nanoparticles in TFN membranes and other authors studied 

alternative procedures to fabricate TFN membranes, such as controlled deposition of MOF 

nanoparticles [11,12], controlled positioning of a MOF monolayer below the polyamide film [13] 

and layer-by-layer synthesis [14,15]. 
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However, all these investigations were carried out in flat membrane supports. Other authors 

studied the application of the interfacial polymerization method of TFC membrane creation in 

hollow fibers and tubular membranes. Here, two possibilities came up: the synthesis of the thin 

film on the outer surface and on the lumen of a hollow fiber. Parthasarathy et al. [16] synthesized 

a PA thin film on the outer surface of a hollow fiber and this was followed by Liu et al. [17], An 

et al. [18] and Rajaeian et al. [19], who synthesized outer TFN membranes using SAPO-34, ETS-

4 or TiO2 as fillers. Interestingly, Verissimo et al. [20] synthesized the PA thin film on the inner 

surface and Ingole et al. [21] recently combined this TFC hollow fiber membrane with NH2-MIL-

125(Ti) nanoparticles, whose amine group may enhance the compatibility between the 

nanoparticles and the polyamide layer. This last membrane, though, was not designed for 

nanofiltration or reverse osmosis, but for dehydration of gas streams. 

In this article, we propose a different structure, where a continuous MOF (ZIF-93) layer will be 

synthesized on the lumen side of a hollow fiber and then, coated with a TFC of polyamide. This 

means that instead of adding the MOF as dispersed particles into the polyamide thin film to create 

a composite membrane, a continuous layer of a MOF structure was synthesized and, on the top 

of it, the polyamide layer was formed. This is a new approach to obtain a nanofiltration membrane 

that has recently been demonstrated to be very effective in flat membranes (“bilayered PA-MOF 

membrane”) [22]. Besides, in this article, the synthesis method was modified to be suitable for 

the fabrication of hollow fibers (more productive in terms of m2/m3 ratio [23]). In the synthesis 

of the polyamide, a first impregnation with an aqueous solution was carried out. For this reason, 

a hydrophilic MOF was required. Besides, this MOF should be synthesizable at room temperature 

and atmospheric pressure. The imidazolate-type MOFs generally meet the second condition, but 

they usually tend to be rather hydrophobic. However, some of them show a slight hydrophilic 

character, due to the presence of polar functional groups in the linker. This is the case of ZIF-93, 

which has an aldehyde group in its structure, thus it meets the two mentioned criteria [24]. 

Additionally, this aldehyde could react to the amine groups from the monomer to form Schiff 

bases, which may lead to interesting interactions polyamide-ZIF-93 [25]. Consequently, the ZIF-
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93, previously synthesized by Cacho-Bailo et al. [26] in a P84® hollow fiber for gas separation, 

was the chosen MOF to prepare the bilayered PA-MOF membrane. 

This research aims at studying the performance of a continuous ZIF-93 structure as a support to 

synthesize a bilayered PA-MOF membrane to nanofiltrate an aqueous solution. The membranes 

synthesized by microfluidics on the inner surface of the hollow fiber adopted the name of 

bilayered or double layer PA-MOF membranes. The synthesis on the lumen is preferred over the 

outer surface due to the advantages of microfluidics widely reported in literature, such as the high 

synthesis control, the use of small reagent volumes and its sequential nature [23,27,28]. Their full 

structure will be characterized in this report. 

2. Experimental 

2.1. MOF particles synthesis 

ZIF-93 was synthesized following a modified method firstly carried out by Cacho-Bailo et al. 

[26]. A 0.10 mol/L zinc nitrate hexahydrate solution (Zn(NO3)2·6H2O, Sigma-Aldrich, 98%) in 

water was mixed together with a 0.30 mol/L 4-methyl-5-imidazolecarboxaldehyde (C5H6N2O, 

Across-Organics, 99%) and 0.30 mol/L sodium formiate (NaCOOH, Sigma-Aldrich, >99%) 

solution in methanol (Scharlab, 99.9%). 

2.2. MOF particles characterization 

Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of the ZIF-93 

structure and the correct activation of its porosity. The measurements were taken in a Mettler 

Toledo TGA/SDTA 851e system, using an atmosphere of air and a heating rate of 10 ºC/min, 

until 700 ºC. 

The crystallinity of the MOF was characterized by X-ray diffraction analysis (XRD). The 

equipment used was a D-Max 2500 Rigaku diffractometer with a Cu Kα (λ = 0.1542 nm) rotating 

anode. The measurements were taken from 4 to 40º (2θ) with a 0.025 º·s-1 step, operating at 40 

kV and 80 mA. 
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Nitrogen adsorption analysis was necessary to obtain the ZIF-93 specific surface area, calculated 

by the Brunauer-Emmett-Teller (BET) method. The experiments took place at 77 K under 

variable relative pressure. The equipment used was a Micrometrics Tristar 3000. The 

degasification before the nitrogen adsorption experiment took place at 200 ºC for 8 h.  

2.3. Polyimide hollow fibers 

The hollow fibers used in this work were made of the polyimide P84®. The synthesis of these 

hollow fibers has been detailed in previous publications [26,29]. In the case of this research they 

had a length of 16 cm, an inner diameter of 200 µm and an outer diameter of 350 µm. 

2.4. Membranes synthesis 

TFC membrane. The synthesis of the polyamide thin film on the inner surface of the hollow fiber 

supports (see Fig. 1A below to observe the scheme of its structure) was carried out at room 

temperature, following the method in ref. [20]. Nevertheless, some parameters, such as the 

concentrations and the contact times were different in the synthesis presented here. Firstly, an 

aqueous m-phenylenediamine (MPD, 99 %, Sigma - Aldrich) solution of 2% (w/v) was pumped 

through the lumen side for 5 min at a rate of 70 µL/min. Secondly, pure cyclohexane (Scharlab, 

extra pure) was pumped at a rate of 157 µL/min for 1 min, so the excess solution of MPD that did 

not diffuse into the superficial pores of the support was removed. Finally, a solution of 0.3% (w/v) 

of trimesoyl chloride (TMC, 98%, Sigma - Aldrich) in n-hexane (Scharlab, extra pure) was 

pumped at a rate of 70 µL/min for 1.5 min. This last step was continued by a washing procedure 

with cyclohexane first, and deionized water afterwards. 

MOF-based membrane. The synthesis procedure was based on a microfluidic strategy similar to 

the carried out in ref. [26] at room temperature. Two solutions, one of 0.10 mol/L Zn(NO3)2·6H2O 

in water and the other of 0.30 mol/L C5H6N2O and 0.30 mol/L NaCOOH in methanol, were mixed 

while going through the lumen of the polyimide hollow fiber to obtain the structure shown in Fig. 

1B. In the work of Cacho-Bailo et al. [26], this synthesis took place for 80 min. However, the 
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synthesis time was modified here (15, 30, 80, 100 and 120 min) to observe its effect in the final 

MOF layer thickness and, therefore, in the bilayered PA-MOF membrane performance. 

 

 

Fig. 1. Structures of the three membranes synthesized: the TFC membrane, composed by the polyimide P84® support 

and the PA thin film, with an estimated average surface roughness value of 15 nm [22] (A); the MOF‐based membrane, 

composed by a continuous MOF layer formed on the polyimide P84® support (B); and the double layer PA‐MOF; formed 

by  the  PA  thin  film  over  the MOF  layer,  synthesized  on  the  polyimide  P84®  support,  with  an  estimated  average 

roughness value of 38 nm [22] (C). 

Double layer PA-MOF. The synthesis in this case consisted of the synthesis of a MOF-based 

membrane, followed by the synthesis of the PA, applying an intermediate washing procedure with 

deionized water. This gave rise to a membrane with both layers supported on the polyimide 

hollow fiber, see Fig. 1C. Only the MOF based membrane with the thinnest MOF layer from those 

synthesized above (depending on the synthesis time) was chosen to be converted into the double 

layer PA-MOF upon the interfacial polymerization of PA. 

2.5. Membranes characterization 

Scanning electron microscopy (SEM) was used to observe the different MOF layer thicknesses 

and morphologies of the MOF-based membranes, in addition to the other two types of membranes 

fabricated (TFC membrane and the double layer PA-MOF). The images were taken top (lumen 

surface of the samples) and cross-section perspectives. To reveal the lumen surface of the 

samples, the hollow fibers were cut with an approximate angle of 45o between the cutting direction 



7 
 

and the axial axis. To observe the cross-section, a piece of hollow fiber was broken by cryogenic 

treatment. A FEI-Inspect F20 microscope was used at an acceleration voltage between 10 and 20 

kV with spots of 2.5 and 3.5 nm. 

Energy-dispersive X-ray (EDX) was used to evaluate the depth of the ZIF-93 continuous layer 

into the porosity of the P84® support. This layer could be distinguished from the polyamide and 

the polyimide because of the presence of Zn in its structure. The microscope used here was the 

same as the used for the SEM imaging. 

XPS experiments were conducted to quantify the amount of carbon (C), oxygen (O) and nitrogen 

(N) in the lumen of both PA-P84® and bilayered PA-ZIF-93 membranes. The ratios %C/%N and 

%O/%N give an estimation of the degree of cross-linking in the polymer [30]. XPS 

characterization was performed with a Kratos Axis Ultra spectrometer, using a monochromatic 

Al K (1486.6 eV) X-ray source at 10 mA and 15 kV and a power of 150 W. The samples were 

first evacuated at room temperature (pressures near 10-11 bar were observed during surface 

analysis) and analyzed in 0.11 x 0.11 mm2 areas under the same conditions. 

2.6. Gas permeance tests 

An H2/CH4 equimolar mixture was fed inside the membrane module at 20 cm3(STP)/min to 

measure the permeance of the ZIF-93 based hollow fiber membrane synthesized in 120 min. A 

sweep gas was (He at 10 cm3(STP)/min) provided the necessary driving force for permeating the 

gases across the membrane (pressure drop was always zero). Permeance values in mol m-2 s-1 Pa-

1 were calculated using the log-mean partial pressure difference along the hollow fiber. Gas 

separation factors (α) were calculated as the ratio of permeance values. The 120 min membrane 

was selected among all the synthesized because its morphology (apparent crystal intergrowth and 

layer thickness) was the closest to the obtained by Cacho-Bailo et al. [26].  
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2.7. Nanofiltration 

Firstly, the bare hollow fiber supports were measured in nanofiltration at 8 bar of feed pressure 

and 20 ºC of temperature, with a solution of 15 mg/L sunset yellow (SY, 450 Da – 90% dye 

content, Sigma Aldrich) in deionized water. The measurements of the TFC membranes and double 

layer PA-MOF membranes were carried out at the same conditions of pressure, temperature and 

feed dye content. However, a different feed solution of 15 mg/L acridine orange (AO, 260 Da – 

55% dye content, Across-Organics) in deionized water was used to perform the nanofiltration 

tests with the MOF based membranes. 

In all cases, the membrane performances were characterized by measuring the water permeance 

(see Equation 1 below), and analyzing the solute concentration in both retentate and permeate to 

calculate the rejection (see Equation 2 below). A UV-Vis spectrometer Jasco V-670 was used to 

obtain the SY and AO concentrations at 380 nm and 291 nm, respectively, as wavelengths of 

maximum absorbances. 

∆ ∆
 (Equation 1) 

	 % 1 100 (Equation 2) 

3. Results discussion 

3.1. MOF characterization 

Crystalline structure of MOF ZIF-93 (rho type) was confirmed by XRD analysis (Fig. S1A). No 

other ZIF phases than the expected can be seen in the XRD pattern and they are in agreement with 

the simulation pattern [31]. According to the TGA analysis (Fig. S1B), the thermal stability of the 

structure reaches around 300 ºC, showing mass losses at temperatures of 100 ºC and below due 

to the presence of water molecules when the drying is not properly carried out. The nitrogen 

adsorption isotherm (Fig. S1C) corresponds to the typical microporous structure (type I isotherm), 

with a hysteresis related to the capillary condensation in spaces between particles [32]. Through 
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the Brunauer-Emmett-Teller method, the obtained BET specific surface area was 737 ± 11 m2/g. 

Additionally, it is known from literature that the pore size of ZIF-93 is 3.6 Å [33].  

3.2. Membrane characterization 

To control the thickness of the MOF layer, the concentration of the metal salt in water was reduced 

from the 0.15 mol/L used by Cacho-Bailo et al. [26], to 0.10 mol/L. Additionally, the synthesis 

time was modified from 15 to 120 min, studying other duration times such as 30, 80 and 100 min. 

The SEM images of the cross-section in the different times are shown in Figs. 2A, B, C, D and E. 

The quantification of the thickness depending on the reaction times are shown in Fig. 2F. As the 

synthesis time decreased, the thickness of the MOF layer also diminished. Moreover, lowering 

the metal salt concentration and keeping the synthesis time constant produced a reduction in the 

ZIF-93 layer thickness. Cacho-Bailo et al. [26] carried out the synthesis for 80 min, obtaining a 

layer of 2.6 ± 0.4 µm, thicker than the 0.96 ± 0.5 obtained in this article (see Fig. 2F). In principle, 

the reaction time might have influenced the intergrowth of the MOF crystals and the molecular 

selectivity could be lower in a MOF layer synthesized for 15 min than for 120 min. However, the 

goal of the MOF layer is not the solute rejection, but the water permeance enhancement in the 

final double layer PA-MOF. Therefore, it is the PA which is the actual selective layer in this 

membrane. 
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Fig. 2. Cross-section of MOF-based hollow fiber membranes with synthesis times of 15 min (A), 30 min (B), 80 min 

(C), 100 min (D) and 120 min (E). Thicknesses obtained from the SEM images (F). Value of Cacho-Bailo et al. 2015 

obtained from [26].  

There are several reports where the ligand/metal molar ratio was modified for the synthesis of a 

certain MOF, although not many of them are related to ZIF-93. For instance, Jian et al. [34] carried 

out several experiments to observe the effect of the ligand/metal molar ratio in the ZIF-8 

morphology, maintaining reaction yields above 90% in all cases. They observed that as the ratio 
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decreased, the particles formed tended to be less crystalline. In the current work, we have 

increased the ratio (from 2:1 to 3:1), but modifying the metal content instead of the ligand content. 

Consequently, we have also increased the solvent/metal ratio, which might have lowered the 

reaction yield. As a result, the MOF layer obtained here after 120 min of synthesis time is thinner 

than the obtained by Cacho-Bailo et al. [26] after 80 min. Along with this morphology difference, 

the ZIF-93 layer we obtained may have some defects, in agreement with the fact that its H2/CH4 

selectivity was lower than the obtained by Cacho-Bailo et al. at either 35 ºC or 180 ºC (see the 

inset of Fig. 3) [26]. However, the current ZIF-93 membrane resulted to be ten times more H2 

permeable than the obtained by Cacho-Bailo et al. [26]. The positive effect of temperature in H2 

permeance and H2/CH4 selectivity in a MOF-based hollow fiber membrane was previously 

observed in a study conducted by Hara et al. [35]. Analyzing the performance of a ZIF-8-based 

membrane, they evidenced a higher apparent activation energy (Ea) for H2 permeation than for 

CH4 (1.36 and 0.12 kJ/mol, respectively), and therefore the enhancement of the H2/CH4 selectivity 

as a function of temperature. In that case, the membrane consisted of a continuous layer of ZIF-8 

on an alumina support, instead of ZIF-93 supported on a polymeric hollow fiber as fabricated 

here; but it can be representative of the gas permeance dependence with temperature, due to the 

structural similarities between both MOFs. 
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Fig. 3. H2/CH4 permeation comparison, carried out at 35 and 180 ºC,  between the ZIF-93-based hollow fiber 

membrane synthesized here during 120 min and the ZIF-93 based hollow fiber membrane synthesized by Cacho-Bailo 

et al. [26] during 80 min.  

At lower synthesis times (15 and 30 min), the effect of time in the MOF layer thickness was 

apparently negligible. In this way, it would be more efficient to carry out the 15 min synthesis to 

obtain the double layer PA-MOF membrane (since a lower amount of reactants was needed to 

obtain the same membrane). 

The polyimide P84® support shows a homogeneous morphology formed by pores of around 500 

nm all over the inner surface (see Fig. 4A). When a TFC membrane is formed, the polyimide 

surface is fully covered by the PA, as shown in Fig. 4B. Due to the sample preparation, the PA 

layer detached from the support in Fig. 4B gives an idea of how both structures contact each other 

after the synthesis. Besides, the inset in Fig. 4B (Fig. 4b) allows an estimation of the thin layer 

thickness of 57 ± 10 nm.   
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Fig. 4. Bare P84® hollow fiber support inner surface (A); TFC membrane with the PA thin film synthesized on the 

lumen side of the polyimide P84® support (B) and a view in higher magnification of the thin layer cross-section with 

its average thickness indicated (b); MOF-based membranes supported on the inner surface of the P84® support (C), 

and double layer PA-MOF membrane supported on the inner surface of the P84® support (D), where the same MOF 

layer observed in C is covered by a continuous PA layer. In the inset, the cross-section is observed and the average PA 

thin film thickness is indicated (d). 

Fig. 4C shows a continuous layer of MOF ZIF-93 covering the support. This structure, similar to 

that previously synthesized by Cacho-Bailo et al. [36] in this type of hollow fiber, covers 

completely the support surface with a layer of around 1 µm of thickness. As Fig. S2A depicts, the 

MOF structure might have crystallized also inside the most superficial pores. The inset of this 

figure shows that the ZIF-93 grew wrapping the superficial P84® polymer fragments. In several 

previous studies, the MOF layer was synthesized by interfacial synthesis (IMMP, for instance, 

developed by Brown et al. [37]), leading to a continuous layer which barely penetrated inside the 
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porous structure of the support. However, other authors, such as Marti et al. [38] and Cacho-Bailo 

et al. [27] did not carry out an interfacial synthesis, but they performed a first crystallization inside 

the porosity, that as Marti et al. [38] indicated, helped anchor the MOF layer onto the support. 

Finally, Fig. 4D shows the combination of the MOF and PA layers. The continuous ZIF-93 layer 

can be easily observed by naked eye, covered with the ring-like shapes typical of PA skin layers. 

In previous studies, this film was demonstrated to be around 100 nm thick [9]. In fact, this PA 

film seems to be so thin that the MOF particles can be observed through it. As can be seen in Fig. 

S2B, the PA seems to cover the MOF layer as a blanket, leaving a little empty space in between. 

The presence of aldehyde groups in the ZIF-93 may give rise to an addition reaction of the amine 

groups of the PA monomer MPD with the ZIF-93 carbonyls [25]. This reaction has been used to 

functionalize ZIF-93 [39] and other MOFs that have been applied to produce TFN membranes 

with enhanced ZIF-PA interaction [21].  

Fig. 4d (the inset in Fig. 4D) offers a view with higher magnification of the PA thin film cross-

section. According to the thickness estimation, the PA thin film seems to be slightly thicker when 

it was synthesized on the MOF layer than directly on the P84® support (90 ± 16 nm compared to 

57 ± 10 nm). This does not mean that the first would give more resistance to water transport than 

the second, since the MOF presence can make the polymeric layer looser by reducing the degree 

of cross-linking of the polymer [10,30]. 

3.3. Nanofiltration 

The bare P84® hollow fiber support gave a permeation of 0.57 L·m-2·h-1·bar-1 and a rejection of 

75 % (see Fig. 5). The permeance value was reduced to 0.07 ± 0.01 L·m-2·h-1·bar-1 in the TFC 

membrane because of the extra transport resistance given by the PA layer, although here the 

rejection was enhanced from 75 % to 88 ± 2 %. With the addition of the MOF layer, and therefore 

forming the bilayered PA-ZIF-93 membrane, the water permeance raised to 0.24 ± 0.09 L·m-2·h-

1·bar-1. The enhancing effect of a composite membrane with the MOF layer below the PA was 

previously studied by Wang et al. [15] However, in our work, apart from the permeance 
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enhancement, also the solute rejection was increased compared to the TFC membrane (97.5 ± 0.7 

% in contrast to 88 ± 2 %). Besides, Fig. S3 compares the performances of the ZIF-93-based 

membrane (no polyamide on top) and the bilayered PA-ZIF-93 membrane. The bare MOF layer 

gave rise to lower water permeance but a slightly higher solute rejection (AO in this case). This 

is explained by the adsorption of AO by ZIF-93. In fact, ZIF-93 powder can adsorb ca. 0.02 mg 

AO/g after 96 h at room temperature (3 mL of 15 mg/L in contact with 440 mg of MOF with no 

stirring).  

 

  

Fig. 5. Nanofiltration performances of the TFC membrane (orange), double - layer PA-ZIF-93, with the MOF layer 

synthesized in 15 min (grey), and bare P84® support (blue) in a SY-water solution filtration (see the ZIF-93-based 

membrane performance in Fig. S3). The main graph shows the permeability of each type of membrane vs the hours of 

filtration. The graph at the top (inset) shows the average rejection of the solute during the 6 h of the permeability test 

for each type of membrane. 

Next, some explanations are given about why the two superposed PA-ZIF-93 layers provoke an 

enhancement of permeance in the bilayered membrane as compared to a composite membrane 

with one single thin layer of PA (TFC). The most commonly considered effects deal with the 

influence of the MOF particles in the PA cross-linking degree [15,30], the changes in the 
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hydrophilicity of the most superficial membrane surface [9,10,15] and the creation of voids in the 

controlling PA ultrathin layer [10]. Moreover, other phenomena, such as the PA layer roughness 

enhancement due to the presence of MOFs must be considered.  

Both the PA cross-linking degree modification by the presence of MOF particles and the 

hydrophilicity changes in the most superficial layer of the membrane are realistic causes for the 

enhancement of water permeance. Duan et al. and some other authors previously observed the 

first phenomenon [10,30] and Paseta et al. did observe changes in the hydrophilic character of the 

polyamide specifically in the case of bilayered PA-ZIF-93 membranes, although they were less 

intense than when the ZIF-93 particles were embedded in the PA.  However, since the continuous 

MOF layer is placed under the PA film (i.e. with no filler particles distributed in such film), the 

creation of voids inside the PA could be neglected. Paseta et al. [22] also observed the influence 

of the MOF layer below the PA layer in the bilayered membrane roughness  (from 15 nm of the 

PA supported directly on the polymeric substrate to 38 nm of the PA supported on the MOF 

continuous layer), which would turn into a water permeance enhancement. When it comes to the 

increase in SY rejection, though, the most intuitive reason might be related to the fact that two 

potentially selective layers are added in series: the PA film is already demonstrated to be selective 

to this solute [10] and the ZIF-93 is known to have micropores of 0.36 nm [23] and hydrophilic 

character as compared to other MOFs. 

Duan et al. [30] observed that the presence of ZIF-8 in a TFN membrane enhanced the permeance 

of water through TFN membranes by reducing the PA cross-linking degree during its 

polymerization. They evidenced this phenomenon when comparing the %C/%N and %O/%N 

element ratios of TFC and TFN membranes with different ZIF-8 amounts. According to them, the 

presence of the ZIF-8 nanoparticles would decrease the diffusion of MPD molecules to the surface 

by restricting their pathways, reducing their concentration at the interface, and therefore the PA 

formation rate and the cross-linking degree. 

Wang et al. [15] mentioned the same cross-linking reduction as Duan et al. [30], but this time in 

a layer-by-layer (LBL) fabrication of PA-ZIF-8 membranes. Here, the reason for this reduction 
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was that the hydrophobic ZIF-8 layer hindered the MPD to diffuse and react with the TMC. The 

authors also observed by FTIR that the ZIF-8 ligand could have reacted with the acyl chloride 

groups of the TMC molecules, competing with the TMC-MPD reaction, and therefore reducing 

the cross-linking degree. Besides, Wang et al. [15] mentioned that the chemical interactions 

between the ZIF-8 and the PA monomers would leave unreacted carboxylic groups that would 

increase the contact angle of the PA-ZIF-8 membrane compared to that with only ZIF-8.  

In contrast to these evidences, XPS quantification of C, N and O elements shows slightly lower 

%C/%N and %O/%N ratios in the PA layer of the bilayered membrane than in the TFC (see Table 

1). This suggests a higher cross-linking degree of the PA layer synthesized on the MOF layer as 

compared to the PA layer synthesized on the support itself. The reason may be related to the 

aldehyde group of ZIF-93, which might increase the retention of the amine solution because of 

its interaction with water. In fact, the increase of amine solution quantity taken into the ZIF-93 

pores (as well as the aldehyde-amine groups reaction above mentioned) could reduce the 

competitiveness of the ZIF-93 ligand with the TMC during the polymerization, as stated by Wang 

et al. [15]. Besides, knowing that the MOF structure is not embedded into the PA layer itself, the 

cross-linking reduction phenomenon mentioned by Duan et al. should not take place. [30]. All in 

all, this enhancement of the cross-linking degree would explain the increase in SY rejection when 

the MOF is part of the membrane structure, but it does not explain the permeance increase.  

In this sense, Van Goethem et al. [40] investigated the effect of MOF particles in TFN membranes 

with ZIF-8 evidencing some interesting phenomena. As they discussed, HCl is produced during 

the polymerization. Imidazolate-type MOFs are relatively sensitive to acids and bases and the pH 

in the interface boundaries could be low enough to degrade part of the MOF external structures. 

Consequently, some Zn2+ would have been released. As they observed, these zinc ions seem to 

enhance the TMC-MPD reaction, so the cross-linking degree would increase as well, instead of 

decrease. However, the effect of Zn2+, according to Van Goethem et al., is a water permeation 

enhancement, in spite of the increase of the cross-linking degree [40]. This is interesting, since 

Table 1 shows a similar phenomenon. When adding a ZIF-93, with Zn atoms in its structure, the 
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cross-linking degree increased, and so did the water permeation (Fig. 5).  Consequently, as they 

said, the most probable consequence of adding zinc ions might be a decrease of the PA thin film 

thickness, which would reduce the water diffusion resistance and increase the water permeance 

[40]. However, this is not in agreement with our thickness measurements, since as shown in Figs. 

4B and 4D, the PA thickness is lower when made on the ZIF-93 than when made directly on the 

polyimide support was placed below: 57 ± 10 nm versus 90 ± 16 nm. In addition, the actual values 

could be lower  than these due to the fact than SEM and TEM produced greater thickness measures 

compared to other techniques such as atomic-force microscopy, Rutherford backscattering 

spectrometry, quartz crystal microbalance, profilometry and ellipsometry [41]. 

Table 1. %C/%N and %O/%N ratios obtained through the quantification of C, N and O elements in XPS of the surface 
of the bilayered membrane PA‐ZIF93 and the TFC membrane. The surfaces considered were of 110x110 µm2 

Membrane  %C/%N  %O/%N 

PA‐ZIF93‐P84  6.2 ± 0.6  1.2 ± 0.1 

TFC  6.9 ± 0.7  1.3 ± 0.1 

 

Summing up, the ZIF-93 role seems not to be the same as that of ZIF-8 in previous publications 

[15,30]. In fact, it caused an opposite effect (increase of cross-linking degree in the PA layer), 

probably due to the chemical differences between both MOFs (aldehyde group in ligand of ZIF-

93). Moreover, the ZIF-93 might have also contributed to an increase in the hydrophilicity of the 

PA-ZIF-93 membrane at the same time as an enhancement of the sieving power of the bilayered 

membrane. Besides, the partial degradation of the MOF structure during the polymerization, 

which would have released Zn2+, seems to decrease the thin film thickness justifying an 

enhancement of the water permeation, in spite of the cross-linking degree increase. 

4. Conclusions 

According to the characterization, the PA-ZIF-93 bilayered membrane seems to be successfully 

synthesized with good PA-MOF interaction enhanced by a possible amine (from interfacial 

polymerization monomer)-carbonyl (from ligand aldehyde) addition reaction. The experimental 

conditions (particularly the time, reduced from 80 to 15 min, for the crystallization of ZIF-93) 
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were tuned to produce a continuous layer of MOF with higher permeance than in previous reports. 

In consequence, the nanofiltration experiments showed that this new structure enhanced both the 

water permeance and dye rejection compared to the TFC membrane and the bare support, in the 

following order for permeance and rejection, respectively: bare support > ZIF-93-based 

membrane > PA-ZIF-93 > TFC and PA-ZIF-93 > ZIF-93-based membrane (with an adsorption 

effect of AO on the ZIF-93) > TFC > bare support. Although a polyamide cross-linking reduction 

seems to be usual in the synthesis of composite membranes combined with MOFs, the PA-ZIF-

93 apparently have not experienced it. In fact, the presence of MOF ZIF-93 contributed to the 

increase of solute rejection, in combination with an increase of the sieving power of the bilayered 

membrane with two highly selective materials (the hydrophilic ZIF with pores of ca. 0.36 nm and 

the PA able to act as reverse osmosis material). In parallel, zinc ions released from a slight 

degradation of the MOF structure during the interfacial polymerization might have increased the 

water permeation because of the decrease of the PA thin film thickness, even though the cross-

linking degree increased. These positive effects are remarkable, since the rejection usually 

diminishes a little in TFN membranes when certain nanoparticles are added in relatively high 

concentrations to the polyamide synthesis. 
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Appendix A – Figures 

 

Fig. A6. Structures of the three membranes synthesized: the TFC membrane, composed by the polyimide P84® support 

and the PA thin film, with an estimated average surface roughness value of 15 nm [22] (A); the MOF‐based membrane, 

composed by a continuous MOF layer formed on the polyimide P84® support (B); and the double layer PA‐MOF; formed 

by  the  PA  thin  film  over  the MOF  layer,  synthesized  on  the  polyimide  P84®  support,  with  an  estimated  average 

roughness value of 38 nm [22] (C). 
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Fig. A7. Cross-section of MOF-based hollow fiber membranes with synthesis times of 15 min (A), 30 min (B), 80 min 

(C), 100 min (D) and 120 min (E). Thicknesses obtained from the SEM images (F). Value of Cacho-Bailo et al. 2015 

obtained from [26].  
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Fig. A8. H2/CH4 permeation comparison, carried out at 35 and 180 ºC,  between the ZIF-93-based hollow fiber 

membrane synthesized here during 120 min and the ZIF-93 based hollow fiber membrane synthesized by Cacho-Bailo 

et al. [26] during 80 min.  
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Fig. A9. Bare P84® hollow fiber support inner surface (A); TFC membrane with the PA thin film synthesized on the 

lumen side of the polyimide P84® support (B) and a view in higher magnification of the thin layer cross-section with 

its average thickness indicated (b); MOF-based membranes supported on the inner surface of the P84® support (C), 

and double layer PA-MOF membrane supported on the inner surface of the P84® support (D), where the same MOF 

layer observed in C is covered by a continuous PA layer. In the inset, the cross-section is observed and the average PA 

thin film thickness is indicated (d). 
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Fig. A10. Nanofiltration performances of the TFC membrane (orange), double - layer PA-ZIF-93, with the MOF layer 

synthesized in 15 min (grey), and bare P84® support (blue) in a SY-water solution filtration (see the ZIF-93-based 

membrane performance in Fig. S3). The main graph shows the permeability of each type of membrane vs the hours of 

filtration. The graph at the top (inset) shows the average rejection of the solute during the 6 h of the permeability test 

for each type of membrane. 

 

Appendix B – Equations 

∆ ∆
 (Equation B1) 

	 % 1 100 (Equation B2) 

Appendix C – Tables 

Table C2. %C/%N and %O/%N ratios obtained through the quantification of C, N and O elements in XPS of the 
surface of the bilayered membrane PA‐ZIF93 and the TFC membrane. The surfaces considered were of 110x110 µm2 

Membrane  %C/%N  %O/%N 

PA‐ZIF93‐P84  6.2 ± 0.6  1.2 ± 0.1 

TFC  6.9 ± 0.7  1.3 ± 0.1 

 


