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Abstract
Boron mineral is very important for the life. However, exceeding the standards of boron minerals, especially in water to be 
used as domestic water, causes health and environmental problems. The commercial method used to separate boron minerals 
from water is reverse osmosis. In recent years, promising results have been obtained with the membrane distillation (MD) 
method. However, another method that is as effective as this method is pervaporation (PV). The most important component 
that affects performance in both methods is the membranes. In this study, zirconium-based metal organic framework (MOF) 
material was synthesized and added to the polylactic acid (PLA) membrane and boron was removed by pervaporation and 
membrane distillation methods. While the selective layered asymmetric membrane was prepared for pervaporation, porous 
membranes were prepared for membrane distillation. The effect of MOF additive on the morphology, mechanical strength, 
and separation properties of the membrane was investigated. Additionally, the effects of boron concentration and temperature 
on the separation performance in both methods were examined. As a result, the mechanical strength of membranes with 
MOF added increased significantly from 2.41 to 8.20 MPa. 99.9% boron removal was achieved in both methods. While the 
highest flux value was calculated as 8 kg/m2h in pervaporation at 6 ppm boron concentration, it was calculated as 11.33 kg/
m2h in membrane distillation.
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Abbreviations
AGMD	� Air-gap membrane distillation
DCMD	� Direct contact membrane distillation
DMF	� N, N-dimethylformamide acid
FTIR	� Fourier transform infrared spectroscopy
GO	� Graphene oxide

MD	� Membrane distillation
MOF	� Metal organic framework
PLA	� Polylactic acid
PP	� Polypropylene
PTFE	� Polytetrafluoroethylene
PV	� Pervaporation
PVA	� Polyvinyl alcohol
PVDF	� Polyvinylidene fluoride
PVP	� Polyvinylpyrrolidone
RO	� Reverse osmosis
SEM	� Scanning electron microscopy
SVMD	� Sweeping gas membrane distillation
VAGMD	� Vacuum-assisted air-gap membrane distillation
VMDC	� Vacuum membrane distillation crystallization
VMD	� Vacuum membrane distillation
XRD	� X-ray diffraction
Zr	� Zirconium

Symbols
A	� Effective membrane area (cm2)
C	� Concentration of boron (ppm)
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F	� Flux (kg/m2.h)
R	� Rejection (%)
t	� Operation time (h)

Introduction

Boron is necessary for organisms in all phylogenetic king-
doms to complete the life cycle (with deprivation inhibiting 
reproduction, where growth, development, or maturation is 
impaired)(Nielsen 2014). “Paracelsus”—a German-Swiss 
Renaissance physician, botanist, astrologer, and philoso-
pher—coined this well-known quote about 500 years ago. 
The adage, “The dose makes the poison” is perhaps the 
most famous quote in the history of toxicology (Gantenbein 
2017). For this reason, when the amount of boron in irri-
gation water is slightly higher than necessary, it becomes 
toxic to plants. The concentration of boron minerals, which 
is important micronutrients in plant growth and develop-
ment, in irrigation water or soil plays an important role in 
crop yield (Yapici 2011). The recommended boron content 
in drinking water according to WHO guidelines was revised 
to 2.4 mg/L in 2011 (Alharati et al. 2018; Segal et al. 2018). 
To comply with these legal regulations, desalination, which 
is the process of purification of seawater and wastewater, is 
used (Gude 2017).

Traditional desalination methods are thermal technolo-
gies based on evaporation of water and collection of conden-
sates. The newest commercial technology for desalination is 
based on membrane treatment and membrane desalination 
installations account for close to 80% of all desalination 
facilities. Desalination by reverse osmosis (RO) dominates 
current desalination markets. However, RO has some draw-
backs: increased driving force is required to handle higher 
concentration brine. This leads to higher costs. In addition, 
RO membrane is susceptible to fouling. Moreover, in order 
to completely remove some substances such as boron, the 
reverse osmosis system must be applied in several stages. 
Therefore, innovative membrane technologies are proposed 
to improve for desalination and boron removal performance 
(Prihatiningtyas and Van der Bruggen 2020). Pervaporation 
(PV) stands out among other membrane separation technolo-
gies with its low energy cost (Castro-Muñoz et al. 2019a, 
2019b). At the same time, although the salinity of the water 
increases, the separation efficiency does not decrease (Liang 
et al. 2014). Compared with membrane distillation, pervapo-
ration desalination uses hydrophilic materials to effectively 
reduce membrane fouling (Kuznetsov et al. 2007). A non-
porous, dense polymer membrane is generally used in the 
pervaporation process. Providing the pressure difference 
with vacuum, the product selected by the membrane passes 
to the bottom stream as vapor phase. The purpose of the use 
of non-porous membranes is to ensure that no pollutants pass 

through the membrane (Kuznetsov et al. 2007). However, the 
mass transfer efficiency of the membranes used in PV is 
relatively low (Liang et al. 2014). Membrane performance 
is still key in evaluating the effectiveness of pervaporation 
(Smitha et al. 2004). Existing membranes are prepared from 
organic polymers, inorganic materials, and their composites. 
Polymeric membranes still dominate the membrane mar-
ket (Kang and Cao, 2014; Lipnizki et al., 1999). The most 
important part of the system is the membrane. Therefore, 
researches are still focused on the production of suitable 
and high-performance membranes. Although pervaporation 
is prominent in the desalination process, very few studies 
have performed elemental separation. Therefore, the sepa-
ration performance of many ions in pervaporation has not 
been explained, yet. There are a limited number of studies 
on boron removal from model seawater or groundwater by 
pervaporation. However, flux values in most of them are 
very low. Ozekmekci et al., have prepared a graphene oxide 
(GO)/polyvinylpyrrolidone (PVP)/polyvinylidene fluoride 
(PVDF) hybrid membranes and investigated boron removal 
from industrial wastewater They reported the highest flux of 
0.755 kg/m2h and a boron rejection of 99.86% (Ozekmekci 
et al. 2021).

Another method used in desalination and boron removal 
is membrane distillation (MD). There are basically four 
types of MD configurations: direct contact membrane dis-
tillation (DCMD), air-gap membrane distillation (AGMD), 
vacuum membrane distillation (VMD), and sweeping gas 
membrane distillation (SGMD). VMD is an attractive and 
cost-effective membrane technology (Ravi et al. 2020; Najid 
et al. 2021; Si et al. 2022). According to the principle of 
VMD, a vacuum is applied to permeate side of a hydropho-
bic microporous membrane and a phase change occurs prior 
to separation processes. The mass transfer in this system is 
in vapor state. The water evaporates at the pore entrance, 
diffuses across the membrane, and condenses outside the 
membrane module. The driving force of the process is the 
partial vapor pressure difference between the side and of 
the membrane (Mericq et al., 2009). In terms of the sepa-
ration route, VMD resembles pervaporation. However, the 
membrane used in VMD is porous and hydrophobic. While 
the porosity of the membrane used allows higher fluxes 
compared to pervaporation, low ion rejection values can 
be obtained in the separation of components that have low 
kinetic diameter such as boron. Many innovative membrane 
modules are currently being developed to avoid separation 
limitations in the MD system (Ali et al. 2024).

In a study performed by Jia et al. (2017), boron removal 
from radioactive water was performed with a polypropylene 
(PP) membrane using vacuum membrane distillation crys-
tallization (VMDC). In this study, boron concentration was 
kept between 0.5 and 100 g/L, temperature between 20 °C 
and 70 °C, and vacuum pressure between 0.40 and 0.97 atm. 
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As a result, the highest flux of 6.90 L/m2h and the high-
est boron rejection of 99% were obtained (Jia et al. 2017). 
In a study performed by Alkhudhiri et al. (2020), the effi-
ciency of different membrane distillation processes on boron 
removal was investigated. The boron concentration was 
between 1.5 and 30 ppm, and the temperature was between 
40 °C and 70 °C. In this study, boron was removed from syn-
thetic seawater with polytetrafluoroethylene (PTFE) mem-
brane using VMD. As a result, 5.86 kg/m2h flux and > 99.2% 
boron rejection were obtained. Among MD technologies, 
VMD gave the best flux results (Alkhudhiri et al. 2020). In 
a study performed by Salmanli et al. (2022), boron removal 
was performed in a synthetic boron solution with commer-
cial membranes of polyvinylidene fluoride (PVDF), PTFE, 
and PP using vacuum-assisted air-gap membrane distillation 
(VAGMD). As a result, the highest result was obtained as 
29 L/m2h flux and 99.2% of boron rejection with PP mem-
brane (Mutlu Salmanli et al. 2022). In a study performed by 
Chen et al. (2019), a two-stage membrane process was per-
formed for boron removal from synthetic radioactive waste-
water. In the first step, ceramic nanofiltration membrane was 
used for ion removal. In the second stage, boron removal was 
carried out with a hydrophobic ceramic membrane using 
VMD. Boron concentration was between 1 and 107 g/L. As a 
result, higher than 20 L/m2h flux and 99.9% boron rejection 
were obtained (Chen et al. 2019).

The primary shortcomings of MD membranes are foul-
ing, wetting, stability, heat and mass transfer, and resist-
ance. Therefore, research efforts should be directed toward 
developing next-generation membranes that can fully satisfy 
the requirements for practical saltwater desalination (Gon-
tarek-Castro et al. 2022). The most important feature of the 
membranes used in MD is hydrophobicity. Incorporation 
of different additives (CNT, ZIF, etc.) into the membrane 
eliminates the problem of water wetting by providing hydro-
phobicity (Vatanpour et al. 2023). Especially in the MD 
process, porosity is important to eliminate the temperature 
and concentration polarization. The electrospun membranes 
have enabled the production of membranes with commer-
cializable potentials due to their tunable pore size and high 
porosity.

Another problem is the fouling. The deposition of organic 
and inorganic particles on the membrane structure is defined 
as membrane fouling. Hydrophilic materials are recognized 
as the best choice for addressing this problem and mini-
mizing the fouling. Recently, hydrophilic 2D nanomaterials 
(such as graphene oxide, MXene) are suggested to improve 
fouling resistance (Castro-Muñoz 2023).

In this study, boron removal was performed compara-
tively using pervaporation and vacuum membrane distil-
lation. Both methods are advanced membrane separation 
processes. They have similar and different features to 
each other. For example, pervaporation is not a thermal 

separation method, but the temperature is also one of the 
parameters affecting separation performance, while mem-
brane distillation is classified under the thermal-based pro-
cess. There is a pressure difference between the sides of 
the membrane in both methods, and the driving force is 
the pressure difference.

The role of the membrane in separation is the primary 
distinction between membrane distillation and pervapo-
ration (Khayet and Matsuura 2004; Ortiz et al. 2001). 
The vapor–liquid contact is supported by the membrane 
distillation. The separation occurs in a vapor phase. In 
pervaporation, evaporation occurs when the liquid phase 
passes through the membrane. Membranes that are utilized 
in membrane distillation are hydrophobic and porous. The 
pervaporation membranes have a non-porous surface. The 
mass transfer in pervaporation is explained by the solu-
tion-diffusion model. The method requires water and mem-
brane material to interact through processes like hydrogen 
bonding, ion–dipole interactions, and dipole–dipole inter-
actions (Chapman et al. 2008; Liu and Jin 2021). How-
ever, in membrane distillation, the membrane and water 
do not interact as much as possible. Three fundamental 
mechanisms: Knudsen diffusion, Poiseuille flow (viscous 
flow), and molecular diffusion control the mass transfer 
in MD (Drioli et al. 2015; Alkhudhiri et al. 2012). The 
membrane’s porous structure has an impact on the mem-
brane’s permeability during membrane distillation. As a 
result, the membrane’s porosity and pore size determine 
the permeability in MD (Ortiz et al. 2001; Al-Harby et al. 
2023; Yadav, et al., 2021a; Yadav, et al., 2021b). Mem-
brane affinity, thickness, nanostructure, and charge density 
(for a charged membrane) affect membrane permeability 
in pervaporation (Li et al. 2023; Ortiz et al. 2001; Liu and 
Jin 2021).

When membranes for MD and PV are manufactured with 
the same materials, at the same thickness, and carried out 
under similar operating conditions, membrane distillation 
produces noticeably larger fluxes than pervaporation (Ortiz 
et al. 2001). In contrast to membrane distillation, pervapora-
tion has a much higher selectivity. Pervaporation produces 
lower flux results than membrane distillation; however, 
depending on the diffusion stage, there is a much larger 
mechanical mass transfer resistance. As a result, the greater 
affinity for the target molecule to be transferred to the down-
stream side is related to higher selectivity in PV (Wang et al. 
2016). Especially nowadays, when green chemistry studies 
are on the rise, the separation technique must also consist of 
sustainable materials. While bio-based membranes such as 
alginate and chitosan are used in the PV, the use of fluori-
nated membranes such as PTFE and PVDF in the MD sys-
tem limits the sustainability of the system. Therefore, it is 
important to use biodegradable and biobased membranes 
in the MD system. In recent years, using of cellulose-based 
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membranes in MD is promising (Gontarek-Castro and Cas-
tro-Muñoz 2024).

In this study, polylactic acid-based membranes with high 
mechanical strength and high separation performance were 
prepared and used for desalination via pervaporation and 
vacuum membrane distillation. Polylactic acid or polylactide 
(PLA) is a bio-based, biodegradable, biocompatible poly-
mer. It can be obtained from sources such as cornstarch, 
sugarcane, and other renewable biomass products, or waste 
(Nofar et al. 2019). In this context, PLA was tested in the 
desalination study for the first time. To improve the separa-
tion performance of the membrane, a metal–organic frame-
work (MOF) was added to the PLA matrix. Metal–organic 
lattices are microporous materials containing organic and 
inorganic particles bonded into three-dimensional crystal 
lattices (Van De Voorde et al. 2015). MOFs can be used as 
catalysts in catalytic processes, as molecular separators in 
gas storage, and in many other areas (Yahaya et al. 2020). 
MOFs have high crystal structures, strong bonding, and high 
separation properties (Hong et al. 2021; Kalaj et al. 2020; 
Wu et al. 2020). MOFs have adjustable and designable pore 
sizes and are therefore used in separation applications. It was 
also reported that Ag-functionalized MOFs can be effective 
for the antimicrobial functionality of membranes (Vatanpour 
et al. 2024).

In this study, porous and asymmetric PLA-MOF nano-
composite membranes were prepared, characterized, and 
used in pervaporation and membrane desalination systems 
for boron separation. MIL 140A material, a zirconium-based 
MOF, was synthesized for this purpose depending on its tri-
angular and narrow cage diameters that prevent the passage 
of boron elements. In addition, the fact that zirconium-based 
MOF materials exhibit stable performance in an aqueous 
environment is the main reason for choosing. Membranes 
were prepared with the same materials. The membrane used 
in pervaporation was asymmetric with a non-porous skin 
layer, while the membrane in membrane distillation was 
synthesized as porous. The effects of MOF concentration, 
boron concentration, and temperature on the comparative 
performance were examined. According to the detailed lit-
erature review, PLA-Zr-MOF material has not been used for 
boron removal before. In addition, the comparison of two 
techniques for the same conditions was investigated for the 
first time within the scope of this study.

Materials and methods

Materials

Polylactic acid (PLA) (Nature Works (2003D) was pro-
vided.), zirconium chloride (ZrCl4, with 99% purity), acetic 
acid (with 99% purity), terephthalic acid (C8H6O4, with 98% 

purity), N, N-dimethylformamide acid (DMF, with > 99% 
purity), chloroform, methanol (> 99% purity), and boric acid 
(H3BO3, with 99.5% purity) were purchased from Merck 
Chemicals and Aldrich Chemicals, Türkiye.

MIL 140A synthesizing

MIL-140A hydrothermal synthesis was used (Henrique et al. 
2020). For the preparation of MIL 140A, 10 mmol of ZrCl4 
and 10 mmol terephthalic acid were mixed with 30 mL DMF 
in a Teflon liner. The liner is placed in an oven at 220 °C and 
kept for about 15 h. This reactor was then allowed to cool at 
room temperature. The obtained mixture was washed with 
methanol and filtrated. After the filtration, the particles were 
mixed in 50 ml of methanol overnight and filtrated.

Membrane preparation

In the present study, two methods were applied for desalina-
tion. For this purpose, two different membrane structures 
(asymmetric and porous) were prepared with and without 
MIL 140A particles. Membranes were prepared using the 
solution-casting technique. A mixture of PLA (wt. 10%), 
chloroform, and DMF was prepared and stirred under reflux 
for 5 h at 80 °C. Different amounts of MIL 140A were added 
to the solution for the nanocomposite membrane. These 
solutions are “base” solutions for both membrane morphol-
ogy. Before the polymer casting, the solution was degassed 
for 24 h at room conditions.

1.	 For the preparation of the unfilled asymmetric mem-
brane, the base solution was poured into a glass petri 
dish and dried for ten minutes at 50 °C. The prepared 
membrane was removed from the glass petri dish and 
immersed in water to make an asymmetric structure.

2.	 In order to prepare MIL-140A doped asymmetric mem-
brane, synthesized MIL-140A (wt. 1%, 2%, 3%, 4%) 
and 10 mL of chloroform were mixed and homogenized 
with an ultrasonic homogenizer (Bandelin HD4050) for 
30 min. Then the particles were added to the base PLA 
solution and mixed until became homogeneous. The 
solutions were poured into a glass surface and dried for 
ten minutes at 50 °C and then taken to a water bath.

3.	 For the preparation of unfilled and filled porous mem-
brane, the same solutions were prepared, poured onto a 
glass petri dish, and immersed in a water bath rapidly for 
ten minutes. These membranes were immersed in water 
until used.

Characterization

The morphology of the MIL 140A particles and membranes 
was analyzed using scanning electron microscopy (SEM)
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(QUANTA 400F Field Emission). For the cross-sectional 
view of the membranes, they cracked in liquid nitrogen. The 
membranes were analyzed under low vacuum after coating 
with gold.

The structure of MIL 140A was determined using X-ray 
diffraction (XRD) analysis (PANalytical EMPYREAN 
device). The test was conducted in the 2θ range of 4−60° 
with a scan rate of 2°.

Tensile tests were used to determine the mechanical prop-
erties of membranes. The tensile tests were conducted using 
a Universal Testing Machine (ANKARIN). Membranes were 
divided into 40 × 10 mm strips. The rate at which they were 
stretched was 10 mm/min.

Fourier Transform Infrared Spectroscopy (FTIR, Perkin 
Elmer) was used to determine the chemical structure of the 
membrane. Analysis was done 650–4000 cm−1 wavelength.

The porosities (empirical) of the porous membranes were 
calculated (Eq. 1). For the test, membranes were cut into 
1 cm*1 cm pieces. The samples were immersed in distilled 
water for 24 h, and they were weighed. For each empiri-
cal porosity value, the average of three measurements was 
obtained (Badini Pourazar et al. 2020).

where ρa and ρp are the density of water and PLA poly-
mer, respectively. Ma is the membrane’s weight after water 
uptake, and Mb is the weight of the dry membrane.

Contact angle tests (Dataphysics TBU OCA 11) were 
applied to all membranes. Measurements were taken from 5 
different distances, and their average values were arranged.

Desalination

Pervaporative desalination

For pervaporation tests, the membrane was placed in the 
membrane cell and the membrane cell was placed in an 
oven to supply the desired temperature. The feeding part 
(upstream side) of this cell is kept at atmospheric pressure, 
while the downstream side is connected to a vacuum pump. 
Cold traps with liquid nitrogen were equipped to condense 
the water vapor after desalination. The downstream pres-
sure was kept constant at 10 mbar. All experiments were 
performed for four hours with 250 mL of feed solution. The 
effective membrane area was about 9.26 cm2. A basic rep-
resentation of PV is shown in Fig. 1.

In the first part, the temperature (50°) and the feed boron 
concentration (10 ppm) were kept constant to determine 
the membrane that gave the highest boron removal and flux 
results. The pervaporative desalination experiment was 

(1)Porosity(%) =

⎛⎜⎜⎝

Ma−Mb

�a

Ma−Mb

�a
+

Mb

�p

⎞⎟⎟⎠
x100

performed by placing the unfilled and filled PLA membranes 
in the membrane cell, respectively. Then the effect of tem-
perature (40, 50, 60, 70 °C) and the feed boron concentration 
(6, 8, 10, 100, 200, 400, 500 ppm) on separation perfor-
mance was examined in the pervaporation system.

The performance of the desalination was evaluated as a 
function of flux (Eq. 2) and boron rejection (Eq. 3).

where F (kg/m2h) is the flux, R (%) is the boron rejec-
tion, M is the weight of the permeated substance, A is the 
membrane area, and t is the time, Cf and Cp are the feed and 
permeate boron concentration, respectively.

Membrane distillation

A similar experimental system has also been established for 
the membrane distillation. The membrane was placed in the 
membrane cell for membrane distillation. In the case of this 
process, water vapor is connected to the membrane. The 
membrane cell was kept on the heater to keep the tempera-
ture constant. The feeding part of this cell is connected to the 
feeding tank with the pump, and the outlet part is connected 
to the trap with the vacuum pump. The experiment was car-
ried out with 250 mL of feed solution. The vacuum pressure 
was kept constant (10 mbar) in all experiments. The trap 
was kept in an ice container. The flux and boron rejection 
results obtained from the experiments for pervaporation and 
membrane distillation were compared.

Figure 2 shows the experimental systems of membrane 
distillation.

Two systems are operated in the same conditions with 
similar membrane materials having different morphology. 
The difference between these two test systems is the con-
densation liquid. While liquid nitrogen was used in PV, ice 

(2)F =
M

A.t

(3)R =

(
Cf − Cp

Cf

)
∗ 100

Fig. 1   Pervaporation test unit
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water was used for MD. Since the membrane used in MD is 
porous, flux can be collected at mild downstream conditions. 
This significantly reduces the system cost. Additionally, the 
membrane cell was designed with recycle flow in the mem-
brane distillation process.

Analysis

Boron analyses were done according to the Carmine method 
(Sarkar et al. 2014) by using a HACH DR 1900 Spectropho-
tometer device. In this analysis, 75 mL of sulfuric acid and 
boron reagent kits (Hach, Powder Pillows) was mixed in a 
flask until dissolved. The prepared solution was divided into 
two equal volumes (35 mL), one for the blank and the other 
for the sample containing boron. Two milliliters of distilled 
water was added to the blank sample, and 2 mL of the boron-
containing sample was added to the other solution and was 
mixed. Then, samples were analyzed with a wavelength of 
585 nm.

Results and discussion

Characterization results

In this study, MIL-140A was synthesized and incorporated 
into the structure of PLA-based membranes. Characteri-
zation tests of this material and membranes were carried 
out. Prepared membranes were used for boron removal by 
membrane distillation and pervaporation. Figure 3 shows 
the SEM results of the MIL 140A particles, asymmetric, 
and porous membranes.

Figure 3a shows the non-porous (top side) and porous 
(bottom side) structure of the unfilled membrane. The thick-
ness of the membrane was about 60 µm, and the top side was 
non-porous. The non-porous structure was about 5 µm. Fig-
ure 3b shows the MIL 140A loaded asymmetric membrane 
with the non-porous bottom side. The higher magnification 
of the micrograph is seen in Fig. 3c. The particles can be 
clearly seen in this micrograph.

Figure 3d, e, f shows the different magnifications of MIL-
loaded porous membranes. The pores are visible in the PLA-
based porous membrane. They compared these pores with 
sponges in their literature studies (Zhou et al. 2019; Tooma 
et al. 2015; Chen et al. 2014). These porous membranes have 
microcavities. The different morphology can be clearly seen 
because of the drying time. In all micrographs, homogene-
ous pore size, pore distribution, and particle dispersion can 
be clearly seen. The crystal structure of this material and its 
homogeneous distribution in the membrane are important to 
increase MD and PV performance.

In Fig. 4, XRD graph of MIL140A material is given.
In this graph, it is seen that the synthesized MOF mate-

rial has high crystallinity. In addition, it has been observed 
that it is fully compatible with the XRD results given for the 
MIL-140A material synthesized in the literature (Guillerm 
et al. 2012; Liang et al. 2013).

Figure 5 shows the mechanical analysis results of the 
asymmetric membrane used in PV and the porous mem-
brane used in MD.

As seen in the figure, MOF addition significantly 
increased the membrane strength. In particular, there is 
an increase up to 3 wt.% concentration. When the MOF 
ratio increased from 0 to 3 wt.%, the tensile stress of 

Fig. 2   Acuum membrane distillation test unit
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the PV membrane increased from 2.41 to 8.20 MPa. In 
the MD membrane, an increase was observed from 1.96 
to 5.20 MPa. This is due to the high strength of MOF 

materials. Since the particles are distributed homogene-
ously within the membrane and the load transfer is dis-
tributed homogeneously, the strength increases. A slight 

Fig. 3   Cross-sectional SEM micrographs of asymmetric unfilled (a), asymmetric 3 wt.% MIL 140A loaded (b, c), and porous 3 wt.% MIL 140A 
loaded membrane (d, e, f)

Fig. 4   XRD pattern of MIL 
140A
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decrease in 4 wt.% MOF-loaded membrane was observed. 
This can be attributed to MOF agglomeration. Similar 
results were also seen in our previous studies. As expected, 
the strength of non-porous membranes is higher than those 
of porous membranes. However, the fact that there is not a 
very high difference showing that porous membranes can 
also have high strength under pressure. Another finding 

seen in the figure is that the elongation at break constantly 
increases in the porous membrane and the flexibility of 
the membrane increases. In the non-porous membrane, a 
decrease was observed after 2 wt.% loading.

FTIR analysis was performed for all membranes. Fig-
ure 6 indicates the FTIR results of the unfilled and filled 
membrane.

Fig. 5   Mechanical test results of 
the PV and MD membranes

Fig. 6   FTIR spectra of unfilled and filled membranes
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The stretching vibration in 3470 cm−1 is attributed to 
O–H banding in nanocomposite membrane. Even though the 
plain PLA’s spectra do not contain hydroxyl groups, the O–H 
band’s intensity rises with MIL 140A incorporation. This 
is entirely due to the capacity of MOF particles to absorb 
water. The typical stretching vibration peaks of PLA, cor-
responding to the asymmetric and symmetric –CH3 groups, 
are located around 2990 and 2880 cm−1, respectively. Due 
to the free protonated linker within the pore of MIL 140A, 
the intensity of C = O bond stretches at 1750 cm−1 increases 
(Butova et al. 2020; Nigiz and Karakoca 2023). The sharp 
peaks at 1070 cm−1 that rise with MIL 140A incorporation 
are attributed to the Zr–O vibration.

The critical factor for membrane distillation technique 
is that the membranes should be hydrophobic and porous. 
Therefore, the surface property and porosity of porous mem-
branes were determined by contact angle test and porosity 
test, respectively. Figure 7 shows both values as a function 
of the MIL 140A content. The decrease in the contact angle 
is due to either the increase in the surface hydrophilicity of 
the membrane or the increase in the penetration surface area 
of the water. The increase in porosity increases the penetra-
tion area. As can be seen in the figure, the contact angle 
of the surface with water decreased as MIL 140A content 

increased. However, this decrease is very small. Therefore, 
the reason for the decrement is attributed to porosity rather 
than hydrophilicity as illustrated in the figure. The enhanced 
porosity may be attributed to the enlarging of the pore size 
depending on the microsize MIL material. Moreover, it 
was previously reported that the filler-incorporated mem-
branes have a more porous structure depending on the phase 
inversion process (Geleta et al. 2023; Holda and Vankele-
com, 2015). During the phase inversion, evaporation starts 
primarily at the interface of the polymer and filler; there-
fore, the pore size, distribution, and porosity of the com-
posite membranes may be higher than those of the plain 
membranes.

Boron removal performance of pervaporation 
and membrane distillation

PLA-based membranes are prepared as porous and asym-
metrically. The asymmetric membranes were used in per-
vaporation, and porous prepared membranes were used 
in membrane distillation. Since it was aimed to compare 
pervaporation and vacuum membrane distillation, the 
experiments were carried out under the same conditions 
in both methods. Figure 8a indicates the flux results of the 

Fig. 7   Effect of MIL 140A on 
contact angle and porosity
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experiments. As seen in the figure, MIL 140A addition 
and increasing amount of particles significantly improve 
the flux in both systems. This increment may be related to 
the changing crystallinity and glassy transition tempera-
ture of membranes. As the crystalline and glass transition 
temperature decreases, the mobility of the polymeric chain 
increases, thus enlarging the transition areas of water vapor 
and increasing the flux value. In our previous study, it was 
reported that the addition of MIL 140 A causes significant 
alterations in membrane structure. The melting enthalpy of 
the membrane decreases substantially from 38 to 25.5 J/g, 
even though its melting point remains unchanged. The addi-
tion of MIL 140 A decreased the membrane’s crystallinity 
depending on the weakened chain bonding. It was also 
reported that the Tg, temperature of the plain membrane, is 
higher (59 °C) than nanocomposite (56 °C) (Nigiz and Kara-
koca 2023). These results were attributed to the decrease in 
hydrogen bond barrier effect (Xue et al. 2020).

The 3 wt.% MIL-140A doped nanocomposite membrane 
gave the highest flux result in both methods. The flux of 
this membrane was calculated as 6.7 kg/m2h for vacuum 
membrane distillation and 4.4 kg/m2h for pervaporation. MD 
flux results were higher than that of PV flux results in all 
membranes due to the porous structure which facilitates the 
passage of water.

The rejection results are given in Fig. 8b. Similar to the 
flux results, the rejection results are also improved by the 
MIL 140A addition. In both methods, 3% MIL-140A doped 
PLA membrane gave the highest boron rejection result com-
pared to other membranes. In this membrane, boron rejec-
tion in MD and PV was calculated as 99.99%. The rejection 
results of 4 wt.% MIL-140A filled PLA membrane slightly 

decrease. The decrease should be attributed to the polymer-
particle void results in the overlapping of the particles. 
According to the separation result, the highest separation 
results were obtained by using 3 wt.% MIL-140A loaded 
membrane. Hence, the effect of temperature and boron con-
centration on desalination performance was carried out with 
this membrane.

Figure 9 shows the separation performance of 3 wt.% 
of MIL 140A loaded membrane in terms of the varying 
temperature.

Figure 9a shows the temperature-dependent flux of 3% 
MIL-140 doped PLA membrane as a result of MD and PV 
processes. It was observed that the flux increased as the 
temperature increased in PV and MD. In both methods, the 
lowest flux values were calculated at 40 °C. The highest 
flux values were calculated as 6 kg/m2h in PV and 10.41 kg/
m2h in MD at 70 °C. The temperature is very important fac-
tor in changing the separation performance of PV and MD. 
The increasing temperature increases the partial pressure of 
water. Both processes are partially pressure-driven, and flux 
enhancement is an expected result. Another factor enhancing 
the flux is the increasing diffusion rate. The water diffusion 
rate increases with temperature rising in both processes. The 
temperature is also effective on the structure of the polymer. 
It is known that the polymer mobility increases and void 
spaces change with increasing temperature. This enhance-
ment positively affected the flux. However, this mobility 
change can show a trade-off trend between flux and rejec-
tion. So, the rejection values should also be considered when 
the performance of the membrane is evaluated.

Figure 9b shows the boron rejection results of the nano-
composite membrane. According to this graph, boron 

Fig. 8   Effect of MIL 140A ratio on flux (a) and boron rejection (b) (50 °C temperature and 10 ppm boron)
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rejection was calculated as 99.99% in both methods. Accord-
ingly, although flux values were observed to change depend-
ing on the pervaporation and membrane distillation tempera-
ture, almost 100% of rejections were calculated. In addition, 
although the membranes used in membrane distillation were 
porous, boron rejection did not affect the results.

Figure 10a shows that the highest flux values are calcu-
lated at low boron concentration.

While the highest flux value was calculated as 8 kg/m2h 
in pervaporation at 6 ppm boron concentration, it was calcu-
lated as 11.33 kg/m2h in membrane distillation. As the boron 
ratio in the feed solution increased, the water flow decreased. 
The decrease in flux may be due to several reasons. First, as 
the boron concentration in the feed solution increased, the 

thermodynamic activity of the water and its vapor pressure 
decreased (Wang et al. 2016). Thus, since the pressure dif-
ference between the two sides of the membrane decreases, 
the flux decreases. Secondly, according to Fick’s law, the 
driving force decreases due to the decrease in the mole frac-
tion of the water (Ünügül and Nigiz 2022). In Fig. 9b, boron 
rejection results according to boron concentrations are given. 
All boron rejection results in pervaporation and membrane 
distillation processes were calculated as 99.99%. The reason 
for this is that the kinetic diameter of the boron molecule 
(> 0.85 nm) is larger than that of water (0.28 nm). The high 
selectivity of the prepared membranes and the kinetic diam-
eter of MIL 140A being smaller than boron brought all the 
separation results closer to 100%. No boron element was 

Fig. 9   Effect of temperature on flux (a) and boron rejection (b) (10 ppm)

Fig. 10   Effect of boron concentration on flux (a) and boron rejection (b) (70 °C)
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detected in the permeate side in the repeated experiments. 
As seen in the graph, the increase in boron concentration in 
the feed solution did not affect the boron rejection. Similar 
results have been obtained in the literature. Alkhudhiri et al. 
(2020) reported that the boron rejection results at different 
boron concentrations. They examined a membrane distilla-
tion process and found that although the boron concentration 
changes, greater than 99.4% boron rejection was obtained 
(Alkhudhiri et al. 2020). Özekmekçi et al. (2021) performed 
boron removal using the pervaporation method. In this study, 
boron rejection results vary between 98.19 and 99.38%, even 
if the boron concentration changes (Ozekmekci et al. 2021).

Comparison and long‑term stability of membranes

There are studies in the literature on boron removal by mem-
brane distillation. However, most of these used commercial 
membranes, PVDF and PTFE. When the techniques were 
compared among themselves, it was seen that higher flux 
results were obtained with vacuum-assisted membrane dis-
tillation. The separation percentage varies. Table 1 shows 
examples of literature studies. The boron removal percentage 
obtained in this study is quite high, and the flux values are 
moderate compared to the literature.

In contrast to the MD technique, there is only one study 
in the literature where the PV technique was used for boron 
separation. In a study performed by Ozekmekci et al. (2021), 
PVP/PVDF membrane was used in the PV system at room 
temperature and 0.755 kg/m2h flux and 99.86% boron rejec-
tion were achieved. In our study, the flux value was obtained 
as 8 kg/m2h with the boron rejection of 99.99%. Therefore, 
it is seen that the PLA asymmetric membrane is quite selec-
tive and has high flux in boron removal application in the 
PV technique.

The most important factor affecting flux and separation 
performance in both membrane distillation and PV tech-
niques is membrane fouling. Membrane fouling shows itself 
as the collection of particles in the water on the surface or 

in the pores and biofouling due to bacteria and fungi on the 
surface (Woo et al. 2018; Gryta 2005; Abdel-Karim et al. 
2021). Since a porous membrane is used in the MD process 
unlike PV, wetting is also the biggest cause of fouling in this 
method. Since vapor passage is involved in both methods, 
in-pore fouling is usually not seen much. Fouling manifests 
itself as a decrease in flux. Therefore, the existence of these 
effects in long-term experiments is discussed.

In this study, 3 wt.% MIL 140A doped PLA membranes 
were tested for long-term operation. Each set of experiments 
was used for 6 h, and 12 sets of experiments were performed. 
Membranes were used in each test without cleaning. While 
the boron separation performance remained constant above 
99%, there was a change in the membrane flux as seen in 
Fig. 11. This change is less than 7% in the PV membrane 
(from 4.4 to 4.11 kg/m2h). Because there is only boron in 
the water used and there is no transition because the mem-
brane surface is dense. However, in the MD technique, the 
decrease is greater than 12% (from 6.7 to 5.9 kg/m2h). The 
reason for this was attributed to pore wetting. Because the 
surface hydrophobicity of the composite PLA is low, this 
shows that water retention occurs in the pores.

In order to ensure the long-term use of the membrane, 
either pre-treatment or membrane cleaning at regular inter-
vals is required. Methods such as adsorption, defoaming, 
coagulation, and oxidation can be given as examples of 
pre-treatment processes. The basic techniques applied for 
fouling (accumulation, water retention, and biofouling on 
the surface) that will prevent membrane flux are known as 
chemical cleaning, pure water backwashing, drying, aera-
tion, and vibration (Abdel-Karim et al. 2021). In this study, 
the long-term operating test was also applied with clean-
ing before each test. Both backwashing and air oven drying 
(60 °C for 12 h) techniques were applied, and the mem-
branes were cleaned and reused in each set. It was observed 
that the flux remained almost constant in both techniques. 
The boron rejection was still above 99.9%, and the flux dec-
rement was obtained lower than 2% for PV and 5% for MD.

Table 1   Comparison with 
literature studies

Membrane Technique Flux Rejection References

rGO/PVDF AGMD 19.2 96.89 Eryildiz, et al., 2021a
PVDF/PTFE AGMD 27.2 98.5 Ozbey-Unal et al. 2020
PP/PTFE(0.2) AGMD  > 15 99 Eryildiz, et al., 2021b
PP DCMD 19,5 99,97 Wen et al. 2016
PP VMDC 6.9 99.9 Jia et al. 2017
PVDF VAGMD 20.44 99.5 Mutlu-Salmanli et al. 2023
Commercial DCMD 14 48 Tan et al. 2021
Commercial DCMD N.A 75 Tan et al. 2024
PTFE VMD 3.21 99.2 Alkhudhiri et al. 2020
PVDF DCMD 10.55 90.52 Boubakri et al. 2015
PLA-MIL 140A VMD 11.33 99.99 This study
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Conclusions

In this work, boron was separated from the simulated water 
using membrane distillation and pervaporation techniques. 
MIL 140A was synthesized and incorporated into the 
PLA membrane to enhance both the physicochemical and 
separation performance of the membrane. It was observed 
that MIL particles were distributed homogeneously on the 
surface and structure of the membrane. According to the 
mechanical analysis results, especially as the MOF contri-
bution increased from 0 to 3 wt.%, the mechanical strength 
gradually increased from 2.41 to 8.20 MPa in the PV mem-
brane and from 1.96 to 5.20 MPa in the MD membrane. It 
was observed that the strength decreased at a higher loading 
rate. MIL additive significantly increased the separation per-
formance in both methods. While flux values increased with 
increasing temperature, boron rejection did not decrease. 
This shows that the trade-off trend occurring in the mem-
brane process has been prevented. While the boron concen-
tration in the feed did not affect the boron rejection, the flux 
values increased as the boron concentration decreased. The 
highest flux value in membrane distillation was obtained as 
11.33 kg/m2h, whereas the flux was found to be 8 kg/m2h 
in pervaporation at 70 °C with the feed boron concentration 
of 6 ppm. Boron rejection was obtained as 99.9% at differ-
ent boron concentrations, and this result shows that both 
techniques have high performance in different feed waters 
(groundwater, seawater, etc.). The boron removal percent-
age obtained in this study is quite high, and the flux values 

are moderate compared to the literature. The results of this 
study also showed that the flux drop was high due to pore 
wetting in the MD technique in long-term tests and this is 
probably due to the low hydrophobicity of the membrane. 
In future studies, MOF and PLA material will be produced 
as electrospun membranes to increase both hydrophobicity 
and porosity. Experiments will also be carried out with real 
seawater and groundwater to examine the commercial use 
of the membranes.
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