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Popular Scientific Summary

PFAS, or per- and polyfluoroalkyl substances, are man-made chemicals which have come to be
referred to as "forever chemicals" due to the fact that these substances are very hard to degrade
in the environment. These chemicals have become ubiquitous in many different types of man-
ufactured items including firefighting foam, non-stick cookware, waterproof clothing, and food
wrapping. Due to the nature of PFAS, when released into the environment PFAS can migrate
through soil and groundwater until potentially reaching a source of drinking water. Therefore,
the need exists for viable remediation options to remove PFAS from water so as to prevent
further degradation to human health and the environment.

One area of research being explored for removing contaminants from water is through mem-
brane filtration. Membrane filtration uses a semi-permeable membrane as a filter where pres-
sure pushes water through the membrane allowing water molecules to pass through while pre-
venting larger contaminants from passing through. Specifically, nanofiltration membranes are
an attractive option because they allow smaller solutes to pass through while requiring signifi-
cantly less force than reverse osmosis. One challenge however remains with nanofiltration
membranes, specifically maintaining both high water flow rates and good contaminant removal.

The objective of this thesis was to investigate if by incorporating Metal Organic Frameworks
(MOFs), into the selective layer of a nanofiltration membrane would provide enhanced mem-
brane performance. MOFs are highly ordered porous crystalline materials whose structure and
chemistry can be controlled. As such, MOFs are an ideal additive material for developing new
membranes with increased water flux and improved surface characteristics.

Several MOFs were synthesized and dispersed within polyamide-based thin film nanocompo-
sites. Following synthesis and dispersion, all membranes were characterized based on their
structural properties, surface characteristics, and water filtration behaviors. The data obtained
indicated that the type of MOF used and its concentration greatly influenced the formation of
the membrane and how freely water could pass through each respective membrane. Results
indicate that some membranes developed using MOFs exhibited negligible or zero measurable
water flux indicating that incorporation of MOFs does not inherently enhance membrane per-
formance.

Of those membranes studied, the membrane containing 0.1 wt.% ZIF-8 demonstrated the most
well-balanced performance regarding enhanced water permeability, reduced fouling propen-
sity, excellent hydraulic recoveries upon cleaning, and higher-than-unmodified polyamide
membrane filtration fluxes. A second MOF examined in this study, UiO-66-NH2, did demon-
strate improvements in water transport; however, observable defects and particle aggregation
in this particular system complicated interpretation of its performance relative to other systems.

In general terms, this thesis demonstrates that MOF-modified nanofiltration membranes possess
significant promise for future applications involving PFAS contaminated water treatment; how-
ever, critical considerations should be given to selecting an appropriate MOF species, optimal
loadings levels, and effective dispersal methods.






Summary

This thesis investigates the development of metal-organic framework (MOF)-modified thin-
film nanocomposite membranes for potential PFAS removal from drinking water. The work
focuses on how MOF type and loading influence membrane morphology, surface properties,
and hydraulic performance when incorporated into a polyamide selective layer.

Five MOFs, namely ZIF-8, ZIF-L, ZIF-94, NH.-ZIF-8, and UiO-66-NH., were synthesized and
evaluated as nanofillers in polyamide thin-film nanocomposite membranes prepared by inter-
facial polymerization on commercial polysulfone supports. The synthesized MOFs and pre-
pared membranes were characterized using scanning electron microscopy (SEM), energy-dis-
persive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy (FTIR), X-ray dif-
fraction (XRD), thermogravimetric analysis (TGA), and water contact angle measurements.
Preliminary pure water flux screening was used to identify hydraulically workable membrane
formulations before further crossflow filtration testing.

The characterization results confirmed the successful synthesis of the selected MOFs and
showed that MOF incorporation affected membrane morphology and wettability. ZIF-8-modi-
fied membranes displayed a relatively homogeneous morphology, whereas UiO-66-NH>-mod-
ified membranes showed visible aggregation and defects. EDX analysis supported MOF incor-
poration through the detection of Zn in ZIF-based membranes and Zr in UiO-66-NH:-modified
membranes. Water contact angle measurements showed opposite wettability trends for the two
main MOFs: ZIF-8 tended to increase the contact angle at higher loading, while UiO-66-NH-
increased membrane hydrophilicity.

Filtration results showed that membrane performance depended strongly on MOF identity,
loading, and selective-layer integrity. ZIF-L and NH2-ZIF-8 resulted in no measurable flux dur-
ing preliminary screening, while ZIF-94 showed very low flux. ZIF-8 and UiO-66-NH: were
therefore selected for further evaluation. UiO-66-NH: at 0.1% (w/v) showed the highest initial
water permeability among the PA-coated membranes, but this result should be interpreted with
caution due to visible defects and aggregation. In contrast, ZIF-8 at 0.1% (w/v) showed the
most balanced hydraulic performance, combining relatively high water permeability, low foul-
ing factor, good hydraulic recovery, high PFAS filtration flux, and more homogeneous mor-

phology.

Overall, this work demonstrates that MOF incorporation can improve the hydraulic perfor-
mance of polyamide nanofiltration membranes when the MOF type and loading are properly
selected. ZIF-8 at 0.1% (w/v) was identified as the most promising formulation in this study.
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1. Introduction

1.1 Background

For many years, per- and polyfluoroalkyl substances (PFAS), a large family of synthetic fluor-
inated chemicals, have been widely used in industrial applications and in commercial products
(e.g. fire-fighting foams, surface coatings, fabrics, food packaging, and non-stick and water-
proof materials) due to their outstanding thermal and chemical resistance. The excellent chem-
ical stability provided by the strong carbon-fluorine bonds is responsible for this property (Buck
et al., 2011). Although this chemical stability is the reason why PFAS have been so widely
adopted in industry and commerce, it is also one of the reasons why they persist as harmful
environmental pollutants.

The primary route of entry of PFAS into public drinking water supplies is through transporta-
tion via the soil, groundwater and/or surface water. Once in contact with a municipal water
supply systems, these substances can travel downstream until they reach a drinking water
source. The importance of this pathway lies in the fact that municipal drinking water supplies
may become a significant contributor to total lifetime human exposure to both short- and long-
chain PFAS. In Uppsala, Sweden, historical usage of aqueous film-forming foams resulted in
drinking water contamination. Following remedial actions, long-term biomonitoring indicated
that drinking water remained an exposure pathway for first-time mothers (Gyllenhammar et al.,
2025). Similar exposures have occurred in Ronneby, Sweden, where extremely high levels of
PFAS were measured in municipal drinking water. The elevated levels of PFAS measured in
Ronneby were due to historical use of firefighting foams at an adjacent airport. A registry-based
cohort study conducted by Hammarstrand et al. (2021) demonstrated that women who experi-
enced the greatest estimated drinking water exposure were associated with a higher incidence
of polycystic ovarian syndrome and potentially uterine leiomyomas. While there are many un-
certainties regarding health impacts associated with PFAS exposure, these examples demon-
strate that municipal drinking water can serve as an additional exposure pathway for popula-
tions exposed to contaminated water sources.

Increasing awareness of the presence, persistence and potential impact on human health of
PFAS has enhanced the demand for effective treatment methodologies to remove PFAS from
public drinking water systems. It appears that treatment technologies will be critical for remov-
ing PFAS from potable water supplies prior to prolonged exposure. Treatment is necessary due
to the highly stable nature of PFAS, combined with their high solubility in water and typically
low concentration in complex water matrices.

1.2 Membrane filtration for drinking water treatment

Membrane filtration is a membrane-based separation technology in which a semi-permeable
membrane acts as a selective barrier for two phases. In the context of drinking water treatment,
the membrane will allow clean water to pass through and retain both soluble and insoluble
contaminants based upon the pore-size of the membrane, its internal morphology, surface chem-
ical properties, and operational parameters. Pressure differences across the membrane that drive
membrane filtration are called transmembrane pressures (TMP). With respect to their separa-
tion ranges, pressure driven membrane processes can be classified into Microfiltration (MF),
Ultrafiltration (UF), Nanofiltration (NF), and Reverse Osmosis (RO) (Mulder, 1996; Baker,
2012).



Each membrane process is applicable for the treatment of different types of contaminants. For
example, MF and UF are primarily applied for the removal of suspended particles, colloidal
particles, bacteria and large molecular weight compounds; whereas NF and RO are typically
used to separate small, dissolved compounds. RO has the most restrictive pores of all pressure
driven membrane processes and therefore can remove salt from water as well as other low mo-
lecular weight compounds at relatively high pressures. NF membranes have less restrictive
pores than those of RO membranes and are often used for water softening, removal of natural
organic matter (NOM) and separation of multivalent ion/molecule pairs as well as organic mi-
cropollutants. Due to their intermediate selectivity characteristics, NF membranes often provide
a good compromise between contaminant rejection capabilities and required operation pressure
(Baker, 2012; Petersen, 1993).

Since membrane filtration can act as a physically-based separation mechanism that can be easily
incorporated with existing drinking water treatment systems, membrane filtration is becoming
increasingly popular among treatment technologies. Nevertheless, membrane performance is
influenced by a number of additional factors beyond just the pore size of the membrane. Mem-
brane charge, hydrophilic/hydrophobic properties, fouling potential, feedwater composition,
and hydrodynamics surrounding the membrane are some examples of these influences. For dis-
solved organic compounds like PFAS, the influence of size-exclusion effects, electrostatic at-
traction/repulsion effects, and solute — membrane interaction/solubility effects make membrane
material selection/design critical in maximizing PFAS removal rates, particularly for NF mem-
branes (Casella et al., 2026).

1.3 PFAS removal from drinking water

Conventional drinking water treatment methods are typically insufficient for PFAS removal.
Conventional processes such as coagulation, sedimentation, and sand filtration were not de-
signed to remove dissolved organic compounds such as stable PFAS. Full-scale drinking water
treatment process studies have also demonstrated that PFAS removal is significantly dependent
on compound structure, with longer chain PFAS being removed more effectively than shorter
chain compounds (Kim et al., 2020). This creates a problem because shorter chain PFAS are
often more mobile within water and may be difficult to retain using traditional methods.

Therefore, advanced treatment techniques such as adsorption, ion exchange, reverse osmosis
(RO) and nanofiltration (NF) have been increasingly investigated. While activated carbon and
ion exchange resin technology can remove PFAS, they frequently demonstrate reduced effi-
ciency for removing shorter chain compounds and generate contaminated spent media that re-
quire additional handling. Membrane processes offer attractive alternatives because they can
create a physical barrier against dissolved contaminants. Recent reviews show that RO gener-
ally achieves high rejection rates of PFAS, while NF offers a lower-pressure alternative with
promising performance especially for longer-chain PFAS (Casella et al., 2026; Liu et al., 2025).

However, even though NF has shown great promise as a technique for removing PFAS from
drinking water, its performance remains strongly dependent upon membrane chemistry, pore
size/structure, charge density, and composition of the surrounding water matrix. Additionally,
higher rejection rates of shorter chain PFAS are typically obtained at the expense of lower per-
meability of water through the membrane. Therefore, developing new NFmembranes should
focus not only on improving PFAS rejection but also on maintaining sufficient water flux and
operational stability.



1.4 Thin Film Composite Nanocomposite Membranes for PFAS removal

Conventional high-performance NF membranes are primarily based on thin film composite
membranes composed of a mechanically strong porous support and a thinner selectively per-
meable layer of polyamide. The appeal of such membrane configurations lies in the fact that
the support provides structural integrity to the membrane, while the selectively permeable layer
determines both water transport characteristics and solute rejection. The selective layer is typi-
cally formed via an interfacial polymerization process, allowing for the creation of very thin
layers of polyamide film on the surface of the membrane.

Although they provide several advantages over prior technologies, conventional polyamide-
based thin film composite membranes continue to be subject to a trade-off related to selectivity
and permeability. Increasing the density of the selectively permeable layer may increase rejec-
tion of PFAS; however, increased layer thickness may decrease water flux. On the other hand,
increasing the permeability of the membrane may result in less than optimal rejection levels,
particularly for smaller and more mobile PFAS. As a consequence, researchers are now actively
developing new membrane architectures to modify the selectively permeable layer using func-
tional nanomaterials.

One method to achieve improved separation characteristics for PFAS removal involves the in-
corporation of functional nanomaterials into or adjacent to the polyamide selectively permeable
layer. Through this approach, membrane surface chemistry, morphology, hydrophilicity, and
transport pathways may all be modified. Since rejection of PFAS is dependent not only upon
size exclusion, but also upon electrostatic interactions, hydrophobic/hydrofluoro interactions
between PFAS molecules and the membrane material, membrane charge, and effects associated
with the water matrix (Casella et al., 2026), modification of these factors may lead to significant
improvements in membrane performance.

Several nanofiller types have been considered for inclusion into thin film nanocomposites
(TFN); among them, metal — organic frameworks (MOFs) present some unique features due to
their ability to tailor the pore structure and surface chemistry through the selection of metal ions
used as nodes and organic linkers used to form ligands. More recently, there has been a growing
interest in understanding the nature of PFAS-MOF interactions. Interactions include electro-
static attraction, coordination to metal sites, hydrophobic/fluorophilic interactions, and/or con-
finement within pores (Mashkoor et al., 2026). Thus, when incorporated into membranes,
MOFs could serve as both nanofillers and as components that control transport through the
membrane and modify interfacial properties.

The use of MOFs in PFAS-selective NF membranes appears to be significantly less extensive
studied than the use of many other nanomaterial systems. Most existing research reports have
focused on individual MOF compositions (Liu et al., 2025), thereby limiting evaluation of how
framework chemistry, functional groups, and morphology affect membrane performance. A
comparative evaluation of multiple MOFs under identical membrane fabrication protocols is
therefore necessary to fully appreciate the potential roles of MOFs in thin film nanocomposite
membranes.

1.5 Aim of the Study

The main objective of this project is the development of MOF-modified thin film nanocompo-
site (TFN) membranes and their evaluation for PFAS removal from drinking water. The study
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focuses on how different MOF types influence membrane properties and filtration performance
when incorporated into a polyamide selective layer.

The selected MOFs are ZIF-8, ZIF-94, ZIF-L, NH>-ZIF-8, and UiO-66-NH.. These materials
were chosen to represent different framework chemistries, functionalities, and expected inter-
actions with the polyamide layer. By preparing the membranes under comparable fabrication
conditions, this work aims to clarify the effect of MOF identity on membrane morphology,
surface properties, water permeability, and PFAS removal potential.

To achieve this aim, the work was divided into the following steps:

1. Reviewing the state of the art on PFAS removal by NF and MOF-modified membranes;
2. Synthesizing and characterizing selected MOFs for membrane incorporation;

3. Fabricating polyamide thin-film composite (TFC) and MOF-modified thin-film nano-
composite (TFN) membranes on commercial PSf porous membranes acting as mechan-
ical supports;

4. Characterizing the prepared membranes using SEM, EDX, FTIR, XRD, water contact
angle, and TGA;

5. Screening the hydraulic performance of the prepared membranes using pure water flux
measurements;

6. Evaluating selected membranes through pure water flux, PFAS filtration, and post-fil-
tration cleaning tests;

7. Discussing the relationship between MOF type, membrane properties, and filtration per-
formance.

This thesis was carried out as a collaborative project between Instituto de Nanociencia y Mate-
riales de Aragdn (INMA), University of Zaragoza, Spain, and Lund University, Sweden. MOF
synthesis, membrane fabrication, and material characterization were conducted at INMA, at
MECANOS group (Membranes and catalysis with nanostructured materials) under the super-
vision of Dr. Beatriz Zornoza, with laboratory support from Dr. Dalia Refaat. Membrane filtra-
tion experiments were mainly conducted at Lund University under the supervision of Dr.
Mariona Battestini-Vives.

2 Literature Review

2.1 PFAS Removal using Nanofiltration Membrane Processes

Among membrane processes used to remove PFAS, RO and NF are currently considered among
the best methods. NF typically uses less pressure than RO but achieves similar results when it
comes to long-chain PFAS compounds (Casella et al., 2026; Liu et al., 2025). However, the
removal of dissolved ions by membrane processes may also affect the mineral composition of
the treated water. RO can produce water with very low hardness and total dissolved solids,
thereby requiring post-treatment or remineralization in drinking-water applications. Although
NF generally has a lower overall salt rejection than RO, remineralization may also be required
depending on the membrane characteristics, feed-water composition, and extent of mineral re-
moval (Pervov & Spitsov, 2023).



However, NF membrane rejection rates vary depending on PFAS structure. Long-chain PFAS,
such as perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA), are usually re-
jected at high levels, whereas short-chain PFAS, such as perfluorobutanoic acid (PFBA) and
perfluorobutane sulfonate (PFBS), are generally more difficult to reject because of their smaller
molecular size and higher mobility through the membrane selective layer (Casella et al., 2026).
Previous studies have also shown that membrane surface charge, pore structure, feed ionic
strength, and the presence of natural organic matter can significantly affect PFAS rejection and
water permeability (Pla et al., 2025).

Despite the promise of NF, the comparatively lower rejection of short-chain PFAS and the
conventional trade-off between solute rejection and water permeability remain significant chal-
lenges. Consequently, recent NF membrane development has focused on designing selective
layers that outperform those used in conventional commercial membranes.

2.2 Developing a High-Performance Selective Layer Based on Interfacial
Polymerization

The majority of the high-performance NF membranes studied today consist of a porous support
material coated with a thin polyamide selective layer. Most of these selective layers are pro-
duced via interfacial polymerization (IP), which involves the rapid chemical reaction of reactive
monomers in two separate, immiscible aqueous and organic phases to produce a highly cross-
linked and extremely thin film (Petersen, 1993).

Based on a review by Liu et al. (2025), numerous studies on PFAS removal from water utilizing
IP-derived NF membranes confirm that the use of IP remains the predominant method of pro-
ducing NF membranes capable of selectively separating PFAS. Several different combinations
of monomers are utilized in the preparation of these NF membranes. For example, piperazine
(PIP) or m-phenylenediamine (MPD) is commonly dissolved in the aqueous phase, while tri-
mesoyl chloride (TMC) is dissolved in the organic phase.

The widespread use of IP is attributed to its versatility. Parameters such as monomer concen-
tration, reaction time, temperature, additives, and curing conditions can be adjusted to modify
membrane thickness, cross-linking density, surface properties, and mass-transfer resistance.
Thus, IP represents a convenient way to develop PFAS-selective membranes with minimal al-
teration to the support material.

2.3 Development Of Thin-Film Nanocomposite Membranes To Overcome
Limitations Of Conventional Polyamide Membranes

To achieve improvements in permeability and/or selectivity in polyamide NF membranes, re-
searchers have developed a new class of membranes referred to as thin film nanocomposite
(TFN) membranes. TFN membranes are generally prepared by incorporating nanoscale fillers
into one of the monomer solutions used to form the selective layer or by depositing the fillers
onto or within the selective layer during membrane fabrication.

Le et al. (2022) demonstrated that incorporating functionalized MXene nanosheets into thin-
film nanocomposite membranes enhanced PFOS rejection and water permeability. GO-based
membranes have also shown promising PFAS separation performance; Pla et al. (2025) re-
ported PFOA rejection of up to 95% and demonstrated that membrane loading, thickness, and
chemical modification could be adjusted to balance rejection and permeability.
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Nanofillers may modify membrane morphology, hydrophilicity, water-transport pathways, and
surface charge. However, the exact contribution of each effect is still an active research topic,
especially for PFAS separation, where steric, electrostatic, and hydrophobic interactions may
occur simultaneously. This uncertainty motivates further investigation of different filler types,
including porous fillers such as MOFs.

2.4 Metal-Organic Frameworks As Functional Fillers

MOFs offer potential benefits as nanofillers due to their inherent porous nature and ability to
be chemically modified post-synthesis. MOFs are formed by the combination of metal centers
and organic linkers. As such, MOFs allow for systematic control over their pore diameters,
surface functionalities and overall framework architectures (Furukawa et al., 2013).

With respect to application as membrane filters, MOFs possess several advantages relative to
nonporous nanofillers. Accessible internal pores within MOFs may provide additional path-
ways for water transport through the selective layer. Surface functional groups present on MOFs
can increase compatibility with the polyamide matrix and potentially influence contaminant
interactions through electrostatic forces. Both characteristics are relevant for the removal of
PFAS, where both molecular transport resistances and interfacial forces determine rejection
rates.

Reviews have identified MOFs as promising materials for PFAS remediation because of their
tunable pore structures, surface functionalities, and potential interactions with fluorinated con-
taminants (Liu et al., 2025). Nevertheless, only a limited number of studies have specifically
examined MOF-containing nanofiltration membranes for PFAS removal, and the available
studies have generally focused on individual MOF systems, including ZIF-L and other MOF-
based membranes (Bi et al., 2024; Zhang et al., 2024)

2.5 Relevant MOFs for This Thesis

The MOFs selected in this study represent different framework structures, chemical function-
alities, and physicochemical properties.

ZIF-8 is one of the most extensively studied zeolitic imidazolate frameworks because of its
porous structure and relatively high chemical and thermal stability, making it a suitable refer-
ence material for comparison with other ZIF-based fillers (Park et al., 2006). The inclusion of
NH:-ZIF-8 allowed the effect of amine functionalization to be examined. The presence of amine
groups on the MOF surface may enhance interfacial compatibility between the MOF particles
and the polyamide matrix, thereby providing a basis for comparison with unfunctionalized ZIF-
8 (Jo et al., 2022; Muramba et al., 2026).

Bi et al. (2024) obtained interesting results about ZIF-L in membranes for selectively removing
PFAS. Therefore, we chose ZIF-L because it represents an example of MOFs, which could be
very useful in such applications. ZIF-94 was selected as a linker-modified ZIF to investigate
how changes in linker chemistry and framework polarity affect membrane properties. In addi-
tion, UiO-66-NH> was selected as a representative of zirconium-based MOFs, since they are
generally well known for their good resistance against hydrolysis and suitability for use in aque-
ous systems (Cavka et al., 2008).



Together, these five MOFs provide a comparative basis for studying how framework chemistry,
functional groups, and morphology influence the performance of MOF-modified NF mem-
branes for PFAS removal.

2.6 Research Gap and Thesis Positioning

Previous studies have demonstrated that NF is an effective technology for PFAS removal and
that IP remains a predominant method for producing selective layers for water-treatment mem-
branes. The incorporation of nanofillers also offers a potential strategy for modifying membrane
permeability and selectivity.

Although MOFs have been investigated in nanofiltration membranes, PFAS-focused studies
have generally evaluated individual MOF systems rather than directly comparing multiple
framework types under the same fabrication and testing conditions (Liu et al., 2025; Casella et
al., 2026). It remains unclear whether observed changes in membrane performance arise from
the general presence of a porous filler or from the specific chemistry and structure of the se-
lected MOF.

This thesis addresses this gap by comparing ZIF-8, NH»-ZIF-8, ZIF-L, ZIF-94, and UiO-66-
NH:> within the same TFN membrane fabrication platform. By applying a comparable fabrica-
tion approach while varying the MOF type, this work aims to clarify how MOF identity affects
membrane morphology, surface properties, water permeability, and PFAS filtration perfor-
mance.

3 Materials and Methods

3.1 Materials

Commercial polysulfone (PSf) GR70PP membranes from Alfa Laval (Denmark), with a mo-
lecular weight cut-off (MWCO) of 20,000 Da, were used as supports for TFC and TFN mem-
brane fabrication. The polyamide selective layer was prepared using m-phenylenediamine
(MPD, 99%, Sigma-Aldrich, Spain), trimesoyl chloride (TMC, 98%, Sigma-Aldrich, Spain),
sodium chloride (NaCl, 99%, Sigma-Aldrich, Spain), and n-hexane (extra pure, Scharlab,
Spain).

Five MOFs, namely ZIF-8, ZIF-L, ZIF-94, NH:-ZIF-8, and UiO-66-NH., were synthesized as
nanofillers. Zinc nitrate hexahydrate (Zn(NOs).:6H20), 2-methylimidazole (mIm), 2-amino-
benzimidazole (2-ambzIm, 97%), and cobalt nitrate hexahydrate (Co(NOs)2:6H20, 98%) were
purchased from Sigma-Aldrich (Spain). 4-Methyl-5-imidazole-carboxaldehyde (camIm) was
supplied by Acros Chemicals (Spain). Zirconium (IV) chloride (ZrCls, >99.5%, Alfa Aesar), 2-
aminoterephthalic acid (NH2-BDC, 99%, Thermo Scientific), and formic acid (HCOOH, 90%,
Fisher Scientific) were purchased from Thermo Fisher Scientific (USA). Methanol was pur-
chased from Anadlisis Vinicos (Spain), 1-butanol from Scharlab (Spain), and absolute ethanol
(99.5%) and deionized water from Productos Gilca S.C. (Spain).

3.2 Synthesis of Metal-Organic Frameworks

The MOF synthesis procedures were adapted from previously reported methods, with modifi-
cations in reagent quantity and washing conditions as required for this work. All synthesized
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MOFs were dried at 60 °C overnight unless otherwise specified, ground using a mortar, and
stored in sealed vials before membrane fabrication.

3.2.1 Synthesis of ZIF-8

ZIF-8 was synthesized following a methanol-based room-temperature route adapted from Mar-
tinez-Izquierdo et al. (2022) & Refaat et al. (2024). Initially, zinc nitrate hexahydrate was dis-
solved in methanol under stirring until complete dissolution. Then, 2-methylimidazole was
added, and the mixture was stirred for 30 min at room temperature. The resulting suspension
was transferred into Falcon tubes and centrifuged at 9000 rpm for 10 min. The precipitate was
washed with methanol, and the washing—centrifugation step was repeated four times. The ob-
tained solid was dried overnight and ground into a fine powder.

3.2.2 Synthesis of ZIF-L

ZIF-L was synthesized following the procedure reported by Bi et al. (2024), with reagent quan-
tities reduced by half. Cobalt nitrate hexahydrate and 2-methylimidazole were dissolved in de-
ionized water and stirred for 4 h at room temperature. The resulting suspension was centrifuged
at 9000 rpm for 20 min. The precipitate was washed with deionized water three times, dried
overnight, and ground into a homogeneous powder.

3.2.3 Synthesis of ZIF-94

ZIF-94 was synthesized through a solvent-assisted ligand exchange (SALE) method adapted
from Martinez-Izquierdo et al. (2022) & Refaat et al. (2024). First, 4-methyl-5-carboxyalde-
hyde was dissolved in 1-butanol. ZIF-8 powder was then added to the ligand solution, and the
suspension was stirred for 24 h at room temperature. The resulting suspension was centrifuged
at 9000 rpm for 10 min. The precipitate was washed with 1-butanol three times, dried overnight,
and ground into powder.

3.2.4 Synthesis of NH:-ZIF-8

NH2-ZIF-8 was synthesized using a modified literature procedure adapted from (Thompson et
al., 2013). 2-Methylimidazole and 2-aminobenzimidazole were dissolved in methanol and
stirred at 50 °C for 2 h. In a separate solution, zinc nitrate hexahydrate was dissolved in meth-
anol. After the ligand solution cooled down, the two solutions were mixed and stirred for 1.5 h.
The suspension was centrifuged at 9000 rpm for 10 min, and the precipitate was washed with
methanol three times. The obtained solid was dried overnight, ground using a mortar, and stored
in a vial.

3.2.5 Synthesis of UiO-66-NH:

UiO-66-NH: was synthesized using a solvothermal method adapted from Pina-Vidal et al.
(2024). Zirconium chloride and 2-aminoterephthalic acid were dissolved in ethanol, followed
by the addition of 30 wt% formic acid in water as an acid modulator. The mixture was sonicated
for 10 min and then transferred into an autoclave. The reaction was carried out at 110 °C for 12
h. After cooling, the suspension was centrifuged at 9000 rpm for 10 min. The precipitate was
washed three to five times with absolute ethanol and then activated in a vacuum oven at 200 °C
for 12 h. The activated powder was ground using a mortar and stored in a vial.

3.3 Cleaning of Commercial PSf Support Membranes

The commercial PSf support membranes were cut into circular pieces with an approximate di-
ameter of 9 cm. Prior to interfacial polymerization, the supports were soaked in distilled water
for 1 h. The membranes were then conditioned by immersion in 0.1 wt% NaOH solution at 60
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°C for 12 h. After conditioning, the membranes were rinsed thoroughly with distilled water
until neutral pH was reached. The cleaned supports were stored in Petri dishes before use.

3.4 Fabrication of Polyamide Thin-Film Composite Membranes

Polyamide TFC membranes were prepared by interfacial polymerization on cleaned PSf sup-
port membranes. The aqueous phase was prepared by dissolving 2.0 wt% MPD and 0.5 wt%
NaCl in deionized water. The solution was stirred until complete dissolution and prepared fresh
before use. The organic phase was prepared by dissolving 0.1 wt% TMC in n-hexane. Because
TMC is moisture-sensitive, the organic solution was prepared immediately before use and kept
tightly closed.

The PSf support membrane was placed on a flat glass plate with the active side facing upward.
Although the support diameter was approximately 9 cm, the area exposed to interfacial
polymerization was approximately 8 cm in diameter. The MPD aqueous solution was poured
onto the membrane surface until the surface was fully covered and saturated. The membrane
was kept in contact with the aqueous phase for 2 min to allow MPD penetration into the top
pores of the support. After the contact time, the excess solution was drained and carefully re-
moved using a rubber roller. The membrane surface was maintained wet but not flooded.

The TMC solution in n-hexane was then rapidly poured onto the membrane surface. The inter-
facial polymerization reaction was allowed to proceed for 30 s, during which a thin polyamide
selective layer formed at the interface. After the reaction, the organic phase was removed, and
the membrane was left for approximately 1 min. The membrane was then cured in an oven at
70 °C for 5 min to enhance polyamide layer formation and stability.

After curing, the membrane was washed with hexane to remove residual organic phase and
subsequently rinsed with deionized water. The prepared membrane was stored in water until
characterization or filtration testing.

3.5 Fabrication of MOF-Modified Thin-Film Nanocomposite Membranes

MOF-modified thin-film nanocomposite membranes were prepared by incorporating MOF par-
ticles into the organic phase during interfacial polymerization. For the first membrane fabrica-
tion set, each MOF was dispersed in the TMC/hexane solution at a loading of 0.1% (w/v). The
MOF-containing TMC/hexane suspension was prepared before the interfacial polymerization
step and used as the organic phase.

The same interfacial polymerization procedure described for the TFC membrane was applied
to all TFN membranes, with the only difference being the addition of MOF particles into the
organic phase. This approach allowed the effect of MOF type to be compared under equivalent
fabrication conditions.

Additional TFN membranes were prepared using different MOF loadings for selected formula-
tions. ZIF-8-modified membranes were prepared with MOF loadings of 0.05, 0.1, and 0.2%
(w/v). UiO-66-NHz-modified membranes were prepared with MOF loadings of 0.05, 0.1, and
0.2% (w/v). The prepared membranes were stored in water until characterization or filtration
testing.



3.6 Membrane Characterization

3.6.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to observe the surface morphology and cross-
sectional structure of the membranes. Membrane samples were cut into approximately 1 cm x
1 cm pieces and dried in an oven at 60 °C. For cross-sectional imaging, dried samples were
immersed in liquid nitrogen to freeze the membrane and facilitate brittle fracture. The fractured
samples were mounted on SEM supports and coated with palladium before analysis. SEM im-
ages were obtained using an Inspect F50 scanning electron microscope (FEI, USA) operated at
10 kV that available at the LMA laboratory.

3.6.2 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to identify chemical functional groups
in the prepared membranes and MOF powders. Membrane samples were cut into approximately
1 cm x 1 cm pieces and dried in an oven at 60 °C before analysis. FTIR spectra were recorded
using a Bruker Vertex 70 FTIR spectrometer (Bruker Optics, Germany) equipped with a Golden
Gate diamond ATR attachment and a DTGS detector. Spectra were collected over the wave-
number range of 4000—-600 cm™ with a resolution of 4 cm™ by averaging 60 scans.

3.6.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of the mem-
branes and MOF powders. Samples were cut into approximately 1 cm x 1 cm pieces and dried
at 60 °C before analysis. The TGA measurements were performed using a TGA/DSC 1 SF/1100
instrument (Mettler Toledo, Switzerland) equipped with an alumina 70 pL sample holder, avail-
able at the MECANOS group. The analysis was conducted under an air atmosphere from 35 to
700 °C at a heating rate of 10 °C min™".

3.6.4 X-Ray Diffraction

X-ray diffraction (XRD) was used to analyze the crystalline structure of the synthesized MOF
powders and MOF-modified membranes. For membrane analysis, samples were cut into ap-
proximately 2 cm % 2 cm pieces and dried in an oven at 60 °C. MOF powder samples were
analyzed after drying and grinding. XRD patterns were recorded using a Panalytical Empyrean
diffractometer (Malvern Panalytical, Netherlands) with Cu Ka radiation (A = 0.154 nm), avail-
able at the MECANOS group.

3.6.5 Water Contact Angle

Water contact angle measurements were performed to evaluate membrane surface wettability.
Membrane samples were cut into approximately 2 cm X 2 cm pieces and dried at 60 °C before
testing. A water droplet was placed on the membrane surface, and the contact angle was meas-

ured at two different points for each sample using an Attension Theta Lite optical tensiometer
(Biolin Scientific, Sweden) that is available at the MECANOS group.

3.7 Pure water flux screening in Zaragoza

Preliminary pure water flux screening was conducted in Zaragoza to evaluate whether the fab-

ricated TFN membranes had measurable hydraulic performance before further testing in Lund.

The tests were performed using a stainless-steel Sterlitech HP4750 dead-end membrane module

(Sterlitech Corporation, USA), connected to a nitrogen gas cylinder as the pressure source. The

applied pressure was controlled using a pressure regulator and monitored with a pressure gauge

placed upstream of the module. A schematic representation of the setup is shown in Figure 3.1.
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For each test, approximately 150 mL of deionized water was used as the feed, and circular
membrane coupons with a diameter of approximately 1.5 cm were mounted in the module.
Before data collection, the membrane was stabilized at 10 bar for approximately 30 min. The
permeate was collected in a beaker and manually weighed every 2 min using a balance. The
permeate flux was then calculated from the collected permeate mass, membrane area, and fil-

tration time.

Sterlitech
dead-end module

g S SO

10 bar

> >

L
\

Pressure Pressure
regulator gauge

Feed chamber]
|(deionized water]

1l Membrane

N, cylinder

(manual weighing
every 2 min)

Balance

Figure 3.1 Schematic representation of the Sterlitech dead-end filtration setup used for pre-
liminary pure water flux screening in Zaragoza.

3.8 Membrane filtration experiments in Lund

3.8.1 Membrane filtration setup

Pure water flux and PFAS filtration experiments were conducted at Lund University using the
Bomberna crossflow filtration system. The system consisted of a 15 L feed tank, a pump, three
flat-sheet membrane cell positions, pressure gauges, a flowmeter, permeate collection balances,
and a computer-based data logging system. In this work, two membrane cells were used. Each
cell had an effective membrane area of 1960 mm?.

The feed solution was circulated from the feed tank to the membrane cells using a Hydra-Cell
G10EPSGSFEHB pump (Wanner, USA), connected to a frequency converter (ELEX 4000,
Bergkvist & Co. AB, Sweden) to control the flow rate. The two membrane cells were supplied
with feed in parallel, and the retentate from each cell was returned to the feed tank. This con-
figuration allowed crossflow operation across the membrane surface.

The temperature in the feed tank during cleaning was controlled using a temperature regulator
(MCM-100, Shinko Technos Co., Ltd., Japan), a Pt100 temperature sensor (Pentronic, Swe-
den), and immersed electrical heaters. Feed and retentate pressures were monitored using pres-
sure gauges connected to the system. These pressure values were used to calculate the trans-
membrane pressure (TMP). Permeate from each membrane cell was collected separately in
beakers placed on electronic balances (PL6001-S, Mettler-Toledo AB, Sweden). The permeate
mass was recorded every 30 s using NI LabVIEW 2020 software, which also calculated the
permeate flux in real time. A schematic representation of the setup is shown in Figure 3.2.
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Figure 3.2 Schematic representation of the crossflow membrane filtration system used at
Lund University for pure water flux, PFAS filtration, and cleaning experiments.

The membranes tested in Lund are summarized in Table 3.1, including the membrane type,
MOF loading, and the corresponding filtration run.

Table 3.1 Membrane tested list and its filtration run

Filtration run Sample placed in
Membrane cell 1 Membrane cell 2
1 PSf PS+PA
PSH+PA+U10-66-NH: 0.05% PSH+PA+U10-66-NH: 0.1%
3 PS+PA+ZIF-8 0.1% PSf+PA+ZIF-8 0.2%

3.8.2 PFAS feed solution

The PFAS filtration experiments were performed using a standard PFAS spiking solution
(FX19) prepared at the Swedish University of Agricultural Sciences (SLU) and sent to Lund
University for the filtration tests. The spiking solution contained 15 PFAS compounds, covering
perfluoroalkyl carboxylic and sulfonic acids with different carbon chain lengths. The stock so-
lution contained 0.10 mg mL™" of each PFAS compound. The detailed PFAS compounds in-
cluded in the solution are listed in the appendix.

Before filtration, the PFAS feed solution was prepared by diluting the stock solution with de-
ionized water to the target feed concentration. A total feed volume of 5 L was used for each
PFAS filtration experiment.

3.8.3 Experimental procedure

The membrane filtration tests in Lund all followed the same procedure (Figure 3.3), which will
be described in detail in each section below.
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Figure 3.3 Diagram representation of the experimental procedure that was done in Lund

Before the initial pure water flux (PWF) measurement, each membrane was stabilized using
deionized water. The system was operated at a TMP of 3 bar until permeate flow was estab-
lished and the flux became stable. Stabilization continued for approximately 15 min after the
first permeate drop appeared.

The initial pure water flux measurement, referred to as PWF 1, was then performed using de-
ionized water at TMP values of 3, 4, and 5 bar. At each TMP, permeate mass was recorded for
10 min. After PWF 1, the feed was replaced with 5 L of PFAS-containing feed solution. PFAS
filtration was conducted at a TMP of 10 bar for 1 h, and permeate mass was recorded continu-
ously during the test. Feed and permeate samples were collected for subsequent PFAS analysis.

After PFAS filtration, the system was flushed with deionized water, and the pure water flux
was measured again at TMP values of 3, 4, and 5 bar. This measurement was referred to as
PWF 2. The membrane system was then cleaned by recirculating 10 L of 1 wt% Ultrasil 110
solution at 1 bar and 50 °C for 60 min. After cleaning, the system was flushed again with de-
ionized water, and the final pure water flux measurement, referred to as PWF 3, was performed
under the same TMP conditions as PWF 1 and PWF 2.

3.8.4 PFAS sample analysis

Feed and permeate samples collected during the PFAS filtration experiments were stored for
chemical analysis. PFAS concentration analysis was planned to be performed after thesis sub-
mission by the responsible analytical group at SLU using liquid chromatography coupled with
mass spectrometry. Therefore, PFAS rejection values were not available within the timeframe
of this thesis.

3.9 Calculations

3.9.1 Permetae flux
The permeate flux for both pure water and PFAS filtration was calculated using Equation 1:

j= 2~ (H

where | is the flux (L m™2 h™), V is the collected permeate volume (L), A is the effective mem-
brane area (m?), and ¢ is the filtration time (h).

3.9.2 Transmembrane pressure
For the crossflow experiments, TMP was calculated using Equation 2:

Pin+Pout

TMP = - 5 Ppermeate (2
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where Py, is the feed pressure, P,y is the retentate pressure, and Ppermeqte 18 the permeate-side
pressure. Since permeate was collected at atmospheric pressure, Ppermeqte Was considered ap-
proximately O bar.

3.9.3 Water permeability
Water permeability was obtained from the linear relationship between pure water flux and TMP
in the range of 3-5 bar, as shown in Equation 3:

_ 4N
Ly = ATMP &)

where L, is the water permeability (L m™ h™ bar™), AJ is the change in pure water flux and
ATMP is the corresponding change in transmembrane pressure.

3.9.4 Fouling factor

The fouling factor was calculated to evaluate the relative loss of water permeability after PFAS
filtration. In this work, the fouling factor was calculated using water permeability instead of
flux at a single TMP, because pure water flux was measured at several TMP values and con-
verted into water permeability, as shown in Equation 4:

FF = 222tP2 5 100 )
Lpy

where Lp; is the initial water permeability and Lp, is the water permeability after PFAS filtra-

tion. A higher (FF) indicates a larger permeability decrease after PFAS filtration.

3.9.5 Flux recovery ratio
The flux recovery ratio after cleaning was evaluated using Equation 5:

FRR = iﬁ X 100 (5)

P1

where FRR is the flux recovery ratio (%), Lp, is the initial water permeability, and Lp3 is the
water permeability after cleaning.

4 Results and Discussion

4.1 Characterization of Synthesized MOF's

The synthesized MOF powders were investigated to determine their morphology, crystallinity,
and chemical composition. This section focuses on MOF (ZIF-8, UiO-66-NH2, and ZIF-94)
characterization because these three MOFs were chosen for additional membrane evaluation
and/or served as representative systems during initial screening.

SEM images of the synthesized MOF powders are presented in Fig. 4.1. Using ImagelJ software,
particle size distribution of each powder sample was determined by analyzing 50 randomly
measured particles in an SEM image of each MOF system. As such, the error was expressed as
the standard deviation. Average particle diameters for ZIF-8, UiO-66-NH:, and ZIF-94 were
found to be 59 + 8 nm, 84 + 17 nm, and 59 + 9 nm, respectively. The reported values are larger
than those reported in other studies for the same materials. Other researchers have reported that
ZIF-8 and ZIF-94 nanoparticles had diameters of 30 + 5 nm and 48 + 8 nm, respectively (Refaat
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et al., 2024) and that UiO-66-NH: particles made under equivalent reaction conditions ranged
from about 43—59 nm (Pina-Vidal et al., 2024). Variations in synthesis scale, solvents, drying
steps, and particle size determination via image processing may account for differences between
the two sets of data.

Figure 4.1 SEM images for MOFs that have been synthesized: (a). ZIF-8, (b). UiO-66-NH,,
(c). ZIF-94.

XRD (x-ray diffractometry) was employed to evaluate the degree of crystallinity of the three
synthesized MOFs as pictured in Figure 4.2. The diffraction pattern of ZIF-8 and ZIF-94 shows
characteristic peaks corresponding to zeolitic imidazolate frameworks reported in the literature
(Martinez-Izquierdo et al., 2022; Refaat et al., 2024). Also, the pattern obtained for ZIF-94
provided evidence that the modification of ZIF-8 through solvent-assisted ligand exchange re-
sulted in ZIF-94, as previously described (Martinez-1zquierdo et al., 2022). On the other hand,
the diffractogram of UiO-66-NH: was indicative of a typical crystalline structure of zirconium-
based UiO frameworks (Pina-Vidal et al., 2024), confirming the formation of the expected MOF
phase. Therefore, overall, the XRD results indicated that all three synthesized powders retain
crystalline MOF structures.
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Figure 4.2 XRD patterns for MOFs.

Further structural information about the three MOFs was obtained through ATR-Fourier Trans-
form Infrared Spectroscopy (ATR-FTIR). As depicted in Fig. 4.3, both ZIF-8 and ZIF-94 ex-
hibited bands associated with imidazolate linkages. However, there was a shift to a lower wave-
number of a band related to a ZIF-8 linkage (near 993 ¢m™1) for ZIF-94 due to changes in its
ligand environment upon ligand substitution. In addition, ZIF-94 exhibited a strong band at ca.
1677 cm™! assignable to C=0 stretching from the aldehyde-containing ligands present in its
precursor molecules, providing further evidence of the formation of ZIF-94 (Refaat et al.,
2024).
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Figure 4.3 ATR-FTIR spectra for MOFss.

Finally, bands in the region between 3500-3300 cm ™! for UiO-66-NH. were attributed to NH2
groups, whereas bands centered at ca. 1430 cm™! and 760 cm™! were assigned to COO —
groups bound to zirconium clusters and Zr-O vibrations, respectively (Aghajanzadeh et al.,
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2018). Overall, these ATR-FTIR results provide confirmation of the successful preparation of
the selected MOF powders and corroborate the findings derived from XRD measurements.

4.2 Morphology of TFC and TFN Membranes

The qualitative evaluation of membrane morphologies was carried out using SEM analysis. Due
to differences in the availability of SEM images across different formulations, these images
could not be directly used as a basis for an immediate quantitative comparison of selective layer
thicknesses. Images of cross-sections of membranes were instead used to examine the develop-
ment of a dense PA/MOF-containing upper region of each membrane, while surface images
were used to determine if any visible MOF aggregation occurred and to assess surface hetero-
geneities.

4.2.1 Morphology of PSf support and PA-coated membrane

Fig. 4.4 compares the cross-sectionally evaluated morphology of the PSF support prior to coat-
ing with a PA layer and after it had been coated. Following interfacial polymerization, a much
denser upper portion of the PSF support was observed, which indicated the presence of a PA
layer. These observations are consistent with those typically found in TFC membranes. TFC
membranes consist of a thin PA selective layer developed from interfacial polymerization re-
actions occurring between MPD and TMC on top of a porous substrate such as PSF (Petersen,
1993; Pham et al., 2021). In TFC membranes, the primary separation function occurs in the
upper PA layer. The lower porous support serves to provide mechanical strength.

Figure 4.4: Cross-section SEM pictures of PSf support vs PSf+PA.

4.2.2 Effect of ZIF-8 loading on membrane morphology

Cross-sectional SEM images of the PSF + PA + ZIF-8 membranes prepared with ZIF-8 loadings
0f 0.05, 0.10, and 0.20% (w/v) are shown in Fig. 4.5. In all samples, a relatively compact upper
region can be observed above the porous PSF support. However, the boundary between the
PA/ZIF-8 selective layer and the PSF support is not sufficiently distinct to allow reliable iden-
tification or thickness measurement of the selective layer. Apparent differences in the upper-
region thickness among the samples should therefore be interpreted with caution.

The ZIF-8 modified membranes generally demonstrated a significantly greater degree of ho-

mogeneity in the morphology of their upper layers compared to other MOF-modified mem-

branes tested here. Based on this finding, it is likely that ZIF-8 was more compatible with the
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reaction conditions required for forming a PA-based selective layer when preparing these mem-
branes. Nonetheless, as noted previously, SEM cross-sectional images can also be influenced
by local crack angles resulting from fracturing during specimen preparation and therefore rep-
resent only qualitative assessments of morphology.

Figure 4.5 Cross-section SEM pictures of PSf+PA+ZIF-8: (a). 0.05 (w/v) %, (b). 0.1 (w/v) %,
(c). 0.2 (w/)v %.

4.2.3 Effect of UiO-66-NH: loading on membrane morphology

Cross-sectional SEM images of PSF + PA + UiO-66-NH. membranes fabricated at 0.05%,
0.10%, and 0.20% w/v loading levels are presentcd in Fig. 4.6. As opposed to those observed
for ZIF-8 modified membranes, significant particle agglomeration was evident in UiO-66-NH:
modified membranes, especially at 0.10% and 0.20% loading levels. Notably, particle aggrega-
tion increased further at a loading level of 0.20%. Such findings suggest that higher concentra-
tions of U10-66-NH2 may result in decreased stability of dispersions during membrane prepa-
ration.

MOF aggregation has implications regarding both the uniformity and selectivity of membranes
with respect to nanofiltration applications. Well-dispersed nanofillers in TFN membranes can
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improve water transport characteristics and surface properties; however, excessive aggregation
can lead to non-uniform selective layers that either inhibit or enhance transport mechanisms,
depending on their structural organization (Alam et al., 2026; Min et al., 2023). Thus, the ob-
served aggregation of UiO-66-NH. particles via SEM imaging corresponds with the require-
ment to establish optimal MOF loading levels versus simply maximizing filler concentrations.

MOF Agglomeration

Figure 4.6 Cross-section SEM pictures of PSf+PA+UiO-66-NH;: (a). 0.05 (w/v) %,
(b). 0.1 (whv) %, (c). 0.2 (w/v) %.

4.2.4 Morphology of ZIF-94 membrane

A representative cross-sectional SEM image of a 0.2% w/v loaded PSF + PA + ZIF-94 mem-
brane is provided in Fig. 4.7. Comparison of this image with those obtained for ZIF-8 modified
membranes indicates that the surface and upper layer morphology was less uniform for the ZIF-
94 modified membrane. It may be inferred that the extent to which ZIF-94 particles become
uniformly distributed throughout the selective layer may be reduced due to either less favorable
particle dispersion conditions or enhanced local aggregation effects resulting from interfacial
polymerization reactions involving ZIF-94. Given that this particular membrane was evaluated
to exhibit low hydraulic performance during initial screening tests, the SEM image supports the
inference that ZIF-94 is not suitable under the specified processing conditions utilized for fab-
ricating these membranes.
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Figure 4.7 Cross-section SEM picture of PSf+PA+ZIF-94 0.2 (w/v) %.

4.3 Evidence of MOF Incorporation in the Polyamide Layer

4.3.1 Elemental evidence from EDX

SEM-EDX was conducted to examine the chemical composition of the surface of the membrane
and to verify that the MOF particles were incorporated properly into the PA layer. The detailed
measured area and the spectra are attached in the appendix. Palladium was present in the spec-
trum as a result of using palladium-coated carbon tape as a conductive film to prepare the sam-
ples for SEM analysis. The main components of carbon and oxygen were due to the PA/PSf
membrane material. At the same time, the presence of the metal marker element served as proof
that the MOFs had been successfully added.

Key elements detected via EDX are presented in Table 4.1. The presence of zinc was detected
in both PSf+PA+ZIF-8 and PSf+PA+ZIF-94 membranes, consistent with the Zn-based struc-
ture of the respective ZIFs. The detection of zirconium within the UiO-66-NH2 modified mem-
branes verified the existence of the Zr-based MOF. It is important to note that the metal content
levels detected via EDX were low. Since the MOF loadings employed throughout this work
ranged from 0.1-0.2% (w/v), it would therefore be appropriate to interpret EDX as providing
either qualitative or semi-quantitative evidence of MOF addition rather than an accurate meas-
ure of filler loading.

Table 4.1: Key elements detected by EDX.

Sample Important marker element (Wt%)
C (0] Zn Zr
PSf+PA+ZIF-8 0.1% 63.54 12.72 1.30 -
PSf+PA+ZIF-8 0.2% 60.52 18.37 1.27 -
PSf+PA+Ui10-66-NH2 0.1% 68.71 18.24 - 1.67
PSf+PA+U10-66-NH2 0.2% 66.11 17.82 - 2.22
PSf+PA+ZIF-94 0.2% 73.91 9.31 0.69 -

The weight percentage of Zr present increased from 1.67 wt % for UiO-66-NH: at 0.1% to 2.22
wt % for UiO-66-NH: at 0.2%, which indicates a correlation to the increase in MOF loading.
Conversely, the amount of Zn found in the ZIF-8 membranes did not differ based on the MOF
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loadings of 0.1% and 0.2%. Possible localized heterogeneities of the measured region, or dif-
ferences in how particles were dispersed throughout the membrane, may explain the similarities
observed at 0.1% and 0.2% MOF loadings. This illustrates a limitation of EDX when measuring
very low-load TFN membranes, wherein the detected chemistry will depend greatly on what
part of the membrane's surface is chosen for analysis.

4.3.2 FTIR analysis of membranes

Figure 4.8 shows the FTIR spectra of PSf, PSf+PA, and selected TFN membranes containing
ZIF-8, Ui0-66-NH:, and ZIF-94 at 0.2% (w/v). Overall, the spectra of the membranes were
similar because the signal was dominated by the polymer matrix, especially PSf and the PA
selective layer. This is expected for low MOF loadings, where filler-related bands may be weak
or overlapped with polymer absorption bands.
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Figure 4.8 FTIR membranes overlay for: PSf, PSf+PA, ZIF-8 0.2(w/v)%, UiO-66-NH:
0.2(w/v)%, ZIF-94 0.2(w/v)%.

The formation of the PA layer can be supported by the presence of amide-related bands. Aro-
matic MPD-TMC polyamide membranes typically show amide I and amide II bands around
1660 and 1540 cm™, along with aromatic amide-related bands near 1610 cm™ (Idarraga-Mora
et al., 2019). In the TFN membranes, small changes or shoulders were observed in regions
associated with MOF functional groups. For UiO-66-NH, the broad region around 3300-3500
cm ! may be related to N—H stretching from amino groups, while the Zr—O and carboxylate-
related vibrations are expected at lower wavenumbers (Aghajanzadeh et al., 2018; Pina-Vidal
et al., 2024). For ZIF-based membranes, bands near 1580 cm™ can be associated with C=N
stretching from imidazolate ligands (Refaat et al., 2024; Thompson et al., 2013).
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However, because the MOF loading was low and the spectra were dominated by the polymer
matrix, FTIR alone cannot be used as definitive evidence of MOF incorporation. Instead, the
FTIR spectra provide complementary support when interpreted together with EDX and XRD
results.

4.3.3 XRD analysis of membranes

Figure 4.9 shows the XRD data for the TFN membranes, which showed significantly lower
levels of MOF-related peaks than those found in the corresponding powder forms of MOF
shown in Figure 4.2. This result can be attributed to a very low level of MOF within the mem-
branes, thus causing the diffraction signal generated from the membranes to be primarily influ-
enced by the PA/polymer matrix. At first glance, the ZIF-8 and ZIF-94 modified membranes
appear to be quite similar to the PA membrane; however, some peaks associated with the MOF
powders appear, especially in areas of the spectrum that would correspond to peaks associated
with the respective MOF powders. These effects are believed to arise due to low filler content
(i.e., low MOF loading), interactions between the MOF and polymer matrix, as well as envi-
ronmental changes resulting from being embedded into the PA layer.
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Figure 4.9 XRD membrane patterns for: PSf+PA, ZIF-8 0.2 (w/v)%, UiO-66-NH: 0.2 (w/v)%,
ZIF-94 0.2(w/v)%.

Among the three TFN membranes, the UiO-66-NHz-modified membrane showed the clearest
MOF-related peaks. This is consistent with the SEM observations, where UiO-66-NH. aggre-
gation was more visible. Local MOF-rich regions may increase the intensity of crystalline re-
flections. In contrast, ZIF-8 and ZIF-94 showed only minor peaks, suggesting that their crys-
talline signals were present but weak within the membrane matrix.
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4.4 Surface Wettability of MOF-Modified Membranes

The surface wettability of each of the membranes was determined through measurement of their
water contact angles. The contact angle for the PSf+PA membrane, as shown in Figure 4.10,
was found to be approximately 50.5° + 1.4°, indicating a hydrophilic nature. Because all the
measured contact angles were under 90°, it can be concluded that all of the surfaces tested are
hydrophilic. The degree of hydrophilicity varied depending on the type of MOF used, as shown
in Figure 4.10.

E20.05(w/v)% B0.1 (W/Vv)% 0.2 (W/v)% ®Bno loading

609+11.7
50.5+ 1.4 529 1.0
35.0+2.5 33.6+7.5
= 30.8£ 1.5
=
PA PA+ZIF-8 PA-UiO-66-NH2 PA+ZIF-94

Figure 4.10 Bar chart of WCA (the number present in°).

Contact angle measurements for membrane surfaces containing ZIF-8 indicated an increase in
contact angles as a function of increasing loading levels (From 0.05% to 0.2%). The contact
angles for these samples were approximately 26.0° + 1.7° and 52.9° + 1.0°, respectively. It is
likely that the observed effect of MOF concentration on contact angle is due to the inherent
hydrophobic characteristics of ZIF-8, which includes both methylimidazole linkers and has
been identified in prior research studies to be one of the most hydrophobic forms of Z1Fs (Refaat
et al., 2024, Park et al., 2006).

On the other hand, when contact angle measurements were taken for samples containing UiO-
66-NH., they indicated a decrease in contact angle as a function of increasing MOF loading
levels. Specifically, as the loading level of UiO-66-NH: was increased from 0.05% to 0.2%, the
contact angle decreased from 33.6° £ 7.5° to 22.7° + 2.8°. These data are indicative of an in-
creasingly hydrophilic surface with increasing UiO-66-NH: loading. This observation is con-
sistent with the properties of UiO-66-NHz, including its Zr-Oxide cluster and amine functional
groups, which contribute to its ability to interact with and attract water molecules.

ZIF-94 had the highest contact angle (approximately 60.9° + 11.7°) and therefore exhibited the
lowest degree of hydrophilicity of any membrane tested using TFN. In addition to having the
largest standard error, these results suggest that there exists considerable surface heterogeneity
within these films, which is consistent with observations made during SEM analysis.

Therefore, based upon these findings, it appears that the type of MOF used will have a signifi-
cant impact on the degree of hydrophilicity present at the surface of each film. Each property
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is important as well because it affects water transport, fouling tendency, and interactions with
dissolved solutes.

4.5 Thermal Stability of Membranes

Figure 4.11 presents the TGA curves of the PSf support, PSf+PA membrane, and selected TFN
membranes containing UiO-66-NH- and ZIF-8. The PSf support showed gradual weight loss at
lower temperature, followed by major degradation between approximately 300 and 500 °C.
After PA formation, the PSf+PA membrane remained stable up to around 250 °C before under-
going its main degradation step.
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Figure 4.11 TGA results for support, PA, PA+UiO-66-NH:, and PA+ZIF-8 membranes.

The UiO-66-NH:- and ZIF-8-modified membranes showed degradation profiles broadly similar
to the PSf+PA membrane, indicating that the low MOF loading did not strongly alter the overall
thermal stability of the membranes. Minor differences between the curves may be related to
MOF incorporation and local differences in the PA/MOF layer, although the thermal response
was mainly dominated by the polymeric membrane matrix.

Overall, the TGA results confirm that the prepared membranes were thermally stable within the
temperature range relevant for the filtration experiments, which were performed far below the
main degradation region.

4.6 Membrane Permeability

Based on the preliminary pure water flux screening in Zaragoza and the limited experimental
time available in Lund, six membranes were selected for crossflow filtration testing: the PSf
support, PSf+PA, UiO-66-NH. 0.05%, UiO-66-NH: 0.1%, ZIF-8 0.1%, and ZIF-8 0.2%. The
detailed preliminary screening results are provided in the Appendix.
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The hydraulic performance of the selected membranes was evaluated from pure water permea-
bility measurements before PFAS filtration, after PFAS filtration, and after cleaning. These
values are denoted as (L, 1), (Lp 2), and (L, 3), respectively. Water permeability was calculated
from the pure water flux measured at TMP values of 3, 4, and 5 bar using Eq. (3). The fouling
factor and flux recovery ratio were calculated using Eq. (4) and Eq. (5), respectively. The re-
sulting values are presented in Figures 4.12 and 4.14.
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Figure 4.12 Water permeability before PFAS filtration or initial (Lp 1), after PFAS filtration
(Lp 2), and after cleaning (Lp 3). Water permeability is reported in LMH/bar.

The PSf support showed the highest initial permeability, with Ly of 37.0 LMH bar™'. This was
expected because the commercial PSf support is a porous support membrane and does not con-
tain a dense polyamide selective layer. Therefore, it was used as a hydraulic reference rather
than as a membrane expected to provide high PFAS rejection. After interfacial polymerization,
the permeability decreased strongly to 2.0 LMH bar for the PSf+PA membrane. This decrease
confirms that the formation of the PA selective layer introduced additional resistance to water
transport.

Among the PA-coated membranes, UiO-66-NH: 0.1% showed the highest initial permeability,
with L,; of 8.3 LMH bar™', followed by ZIF-8 0.1% with 6.2 LMH bar™'. Both values were
higher than that of the unmodified PSf+PA membrane, indicating that MOF incorporation can
improve water transport through the PA selective layer when the filler type and loading are
suitable. Previous studies have also reported that porous fillers can improve membrane perme-
ance when they are well distributed within the selective layer, as they may provide additional
pathways for water transport (Bi et al., 2024; Refaat et al., 2024). However, this effect strongly
depends on filler dispersion and compatibility with the polyamide matrix. Excessive loading or
local aggregation can instead introduce additional transport resistance or create non-uniform
selective layers (Bi et al., 2024).

However, the high permeability of UiO-66-NH: 0.1% should be interpreted with caution. As
shown in Figure 4.13, visible defects were observed on the UiO-66-NH:-modified membranes.
This suggests that the increased permeability may not only originate from improved water
transport through the MOF-modified PA layer, but may also be partly related to imperfections
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in the selective layer. In nanofiltration membranes, such defects can increase water flux but
may compromise selectivity.

Figure 4.13 Picture of membrane after filtration:(a)ZIF-8 0.1%, (b)ZIF-8 0.2%, (c)UiO-66-
NH: 0.05%, (d) UiO-66-NH: 0.1%.

In the ZIF-8 series, increasing the loading from 0.1% to 0.2% decreased L,; from 6.2 to 3.8
LMH bar'. This suggests that the beneficial effect of ZIF-8 was not simply proportional to
loading. At higher loading, additional particles may increase transport resistance or introduce
local heterogeneity in the selective layer. Although macroscopic defect observation was less
conclusive for the ZIF-8 membranes due to their more transparent appearance, the SEM images
showed a more homogeneous morphology than that observed for UiO-66-NHz-modified mem-
branes.

The fouling factor was used to evaluate the relative decrease in permeability after PFAS filtra-
tion. As shown in Figure 4.14, the PSf support showed the highest fouling factor, 60.5%, indi-
cating a strong loss of hydraulic performance after PFAS filtration. In contrast, the PSf+PA
membrane showed a much lower fouling factor of 12.7%, suggesting that the PA layer im-
proved hydraulic stability compared with the uncoated support.

The ZIF-8-modified membranes showed the lowest fouling factors among the PA-coated mem-
branes, with values of 8.1% for ZIF-8 0.1% and 0.8% for ZIF-8 0.2%. This indicates that both
ZIF-8-modified membranes retained most of their permeability after PFAS filtration. For UiO-
66-NHz, the 0.05% membrane also showed a low fouling factor of 8.1%, while the 0.1% mem-
brane showed a higher value of 28.0%. Although UiO-66-NH: 0.1% had the highest initial
permeability, its larger permeability decrease after PFAS filtration and the visible defects
shown in Figure 4.13 indicate that its hydraulic performance should not be interpreted as purely
beneficial without PFAS rejection data.
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Figure 4.14 FF and FRR data of the membranes.

After cleaning, the hydraulic recovery was evaluated using the flux recovery ratio. The PSf
support showed poor recovery, with an FRR of 29.6%, indicating that its permeability was not
restored after cleaning. In contrast, the PSf+PA, UiO-66-NH: 0.05%, and ZIF-8 0.2% mem-
branes showed FRR values above 100%. These values should be interpreted carefully, as they
do not necessarily indicate permanent improvement in membrane performance. They may in-
stead be related to additional membrane conditioning during operation, membrane relaxation,
or changes induced by the cleaning step. The ZIF-8 0.1% membrane showed an FRR of 89.5%,
meaning that most of its initial permeability was recovered after cleaning.

Overall, the permeability results show that MOF incorporation can improve the hydraulic per-
formance of PA-coated membranes, but the effect depends strongly on MOF type, loading, and
membrane integrity. UiO-66-NH: 0.1% provided the highest initial permeability, but the pres-
ence of visible defects and the higher fouling factor make this result less straightforward to
interpret. In comparison, ZIF-8 0.1% showed a more balanced performance, combining rela-
tively high permeability, low fouling factor, good hydraulic recovery, and more homogeneous
morphology. Therefore, ZIF-8 0.1% was considered the most promising formulation from the
hydraulic performance results, although final confirmation of its suitability for PFAS removal
requires rejection analysis.

4.7 PFAS Filtration

The permeate flux during PFAS filtration was measured at a TMP of 10 bar for the six mem-
branes tested in the Lund crossflow system. The results are shown in Figure 4.15. Since the
PFAS concentration analysis was not available within the timeframe of this thesis, this section
focuses only on the hydraulic behavior of the membranes during PFAS filtration. Final evalua-
tion of PFAS removal will require the feed and permeate concentration data.

The PSf support showed the highest PFAS filtration flux, with a value of 225.0 LMH. This
result was expected because the commercial PSf support is a porous support membrane with a
much larger MWCO than the PA-coated membranes. Therefore, it should only be used as a
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hydraulic reference and not as a fair comparison for PFAS rejection performance. The unmod-
ified PSf+PA membrane showed a much lower PFAS flux of 19.0 LMH, confirming the addi-
tional resistance introduced by the PA selective layer.
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Figure 4.15. PFAS permeate flux at 10 bar. Flux is reported in LMH.

Among the PA-coated membranes, ZIF-8 0.1% showed the highest PFAS filtration flux, 67.5
LMH, followed by UiO-66-NH- 0.1% with 62.1 LMH. Both values were substantially higher
than the flux of the unmodified PSf+PA membrane, suggesting that MOF incorporation can
improve water transport during PFAS filtration when the filler type and loading are suitable.
However, as discussed in Section 4.6, the high flux of UiO-66-NH: 0.1% should be interpreted
carefully because visible defects and particle aggregation were observed for UiO-66-NH>-mod-
ified membranes. These imperfections may contribute to higher flux, but they may also reduce
membrane selectivity.

The ZIF-8 series showed a clear dependence on MOF loading. The ZIF-8 0.1% membrane gave
the highest PFAS filtration flux, while increasing the loading to 0.2% reduced the flux to 37.5
LMH. This suggests that 0.1% ZIF-8 provided a more favorable balance between improved
water transport and selective-layer integrity. At higher loading, the additional particles may
have increased transport resistance or introduced local heterogeneity in the PA layer.

The PFAS filtration fluxes obtained in this work can also be compared cautiously with the
commercial membrane study by Kakati (2024), who tested commercial NF and RO membranes
using the same FX19 PFAS spiking solution. In that study, commercial NF membranes gener-
ally showed higher permeate fluxes than the TFN membranes prepared in this work, with
NF99HF and NF270 showing particularly high fluxes under the tested conditions. Commercial
RO membranes also showed high fluxes, especially BW30, although they were operated at a
higher pressure. However, this comparison should be interpreted carefully because the com-
mercial membranes were tested in a different membrane system, with different membrane area,
operating pressure, recovery, and hydrodynamic conditions.

Overall, the PFAS filtration results indicate that MOF incorporation improved the hydraulic
performance of the PA-coated membranes, but the improvement depended strongly on MOF
type and loading. ZIF-8 0.1% showed the most promising hydraulic behavior during PFAS
filtration because it combined the highest PFAS filtration flux among the PA-coated mem-
branes with low fouling factor and more homogeneous morphology. Nevertheless, its suitability
for PFAS removal can only be confirmed after PFAS rejection analysis.
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5 Conclusions

This thesis explored the development of MOF-modified thin-film nanocomposite membranes
as a potential approach for PFAS removal from drinking water. The work focused on under-
standing how different MOF fillers influence membrane formation, surface properties, and hy-
draulic performance when incorporated into a polyamide selective layer.

Five MOFs were considered in this study: ZIF-8, ZIF-L, ZIF-94, NH»-ZIF-8, and UiO-66-NH-.
After synthesis and initial characterization, these materials were evaluated as possible fillers in
TFN membranes prepared by interfacial polymerization on commercial polysulfone support.
The preliminary pure water flux screening showed that not all MOFs produced hydraulically
workable membranes. ZIF-L and NH»-ZIF-8 resulted in membranes with no measurable flux,
while ZIF-94 showed very low hydraulic performance. Based on this screening and the limited
experimental time available, ZIF-8- and UiO-66-NH:-modified membranes were selected for
further evaluation in Lund.

The characterization results showed that MOF incorporation affected membrane structure and
surface properties in different ways. SEM images suggested that ZIF-8 produced a relatively
more homogeneous membrane morphology, whereas UiO-66-NH: showed visible particle ag-
gregation, especially at higher loading. Visual inspection also indicated defects in UiO-66-NHa-
modified membranes, which should be considered when interpreting their high permeability.
EDX analysis supported the presence of MOFs in the membranes through the detection of Zn
in ZIF-based membranes and Zr in UiO-66-NHz-modified membranes. FTIR and XRD pro-
vided complementary evidence, although the MOF-related signals in the membranes were weak
due to the low filler loading and the dominant polymer matrix.

The water contact angle results showed that the effect of MOF addition depended strongly on
the framework type. ZIF-8 tended to increase the contact angle at higher loading, suggesting a
less hydrophilic surface, while UiO-66-NH. showed the opposite trend and increased mem-
brane hydrophilicity. These results confirm that MOF chemistry and functional groups play an
important role in determining the surface properties of the polyamide selective layer.

The filtration results showed that MOF incorporation can improve membrane hydraulic perfor-
mance, but only when the MOF type, loading, and membrane integrity are suitable. UiO-66-
NH: 0.1% showed the highest initial water permeability among the PA-coated membranes.
However, this result should be interpreted with caution because visible defects and aggregation
were observed, meaning that the high flux may not only originate from improved transport
through the MOF-modified polyamide layer. In contrast, ZIF-8 0.1% showed a more balanced
performance, combining relatively high water permeability, low fouling factor, good hydraulic
recovery, high PFAS filtration flux at 10 bar, and more homogeneous morphology.

Overall, this work shows that MOF-modified TFN membranes are a promising route for im-
proving the hydraulic performance of polyamide nanofiltration membranes. However, MOF
incorporation is not automatically beneficial. The final membrane performance depended
strongly on MOF type, loading, dispersion quality, and the integrity of the selective layer. In
this study, ZIF-8 at 0.1% (w/v) appeared to provide the best overall balance between morphol-
ogy, permeability, fouling resistance, and filtration flux. Nevertheless, the actual PFAS removal
performance still needs to be confirmed once PFAS concentration analysis of the feed and per-
meate samples is available.
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6 Future Work

The most immediate future step is to analyse the PFAS concentrations in the feed and permeate
samples collected during filtration. These results are needed to calculate the actual PFAS rejec-
tion and to determine whether the improved flux observed for some MOF-modified membranes
is also accompanied by effective PFAS removal. This will be especially important for compar-
ing long-chain and short-chain PFAS, since they may behave differently during nanofiltration.

Further work should also optimize the MOF loading and dispersion. In this thesis, ZIF-8 at
0.1% (w/v) showed the most balanced hydraulic performance, while 0.2% (w/v) resulted in
lower flux. Therefore, future studies could focus on narrower loading ranges around this value.
For UiO-66-NH., the main challenge was particle aggregation and visible defect formation.
Improving dispersion through optimized sonication, solvent compatibility, particle pretreat-
ment, or surface modification could help produce more uniform selective layers.

Reproducibility should be tested more carefully in future experiments. Duplicate or triplicate
fabrication and filtration tests are needed to confirm whether the observed trends are consistent,
since MOF dispersion and local defects can strongly affect membrane performance. Character-
ization after filtration and cleaning would also be useful to evaluate whether the MOF particles
remain stable within the polyamide layer during operation.

Additional characterization could help explain the relationship between membrane structure
and performance. More consistent cross-sectional SEM images, or transmission electron mi-
croscopy (TEM), could provide better information about the MOF distribution in the selective
layer. Atomic force microscopy (AFM) could be used to study surface roughness, while zeta
potential measurements could help evaluate membrane surface charge, which is relevant for
PFAS—membrane interactions.

Longer filtration experiments are also needed to better understand membrane durability, foul-
ing, and cleaning behavior. Future tests could include longer operation times, repeated filtra-
tion-cleaning cycles, and feed waters containing natural organic matter or inorganic ions to
better represent real drinking water conditions. Since PFAS filtration in this work was per-
formed at one TMP, future experiments should also test different TMP values to identify more
suitable operating conditions. Temperature effects could also be investigated.

Finally, future studies should consider how to manage the PFAS-rich concentrate produced by
nanofiltration. Since membranes separate PFAS rather than destroy them, the concentrate re-
quires further treatment. Combining nanofiltration with adsorption or PFAS destruction tech-
nologies could provide a more complete and sustainable treatment process.
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Table A. PFAS compounds in FX19 (Adapted from Kakati, 2024 & Wang et al., 2017).

PFAS Compound

Category

PFBA (C4) Carboxylic acid, short-chain
PFPeA (C5) Carboxylic acid, short-chain
PFHxA (C6) Carboxylic acid, short-chain
PFHpA (C7) Carboxylic acid, short-chain
PFOA (C8) Carboxylic acid, long-chain
PFNA (C9) Carboxylic acid, long-chain
PFDA (C10) Carboxylic acid, long-chain
PFUnDA (C11) Carboxylic acid, long-chain
PFDoDA (C12) Carboxylic acid, long-chain
PFTeDA (C14) Carboxylic acid, long-chain
PFBS (C4) Sulfonic acid, short-chain
PFHxS (C6) Sulfonic acid, long-chain
PFOS (C8) Sulfonic acid, long-chain
FOSA (C8) Sulfonamide, PFOS-related precursor
6:2 FTSA (C8) Fluorotelomer sulfonic acid, PFAS precursor

Table B. Detailed data of water permeability, PFAS filtration flux, FF, and FRR.

Membrane Lpl Lp2 Lp3 iI]’FAS FF (%) F:}R
(LMH/bar) (LMH/bar) (LMH/bar) 0% :lf (%)

PST support 37.0 14.6 10.9 250 605 29.6
PSFIPA 2.0 1.7 2.4 19.0 12.7 123.6
Ui0-66-NH 0.05% 23 2.1 2.9 19.4 8.1 126.8
Ui0-66-NH: 0.1% 8.3 6.0 6.6 62.1 28.0 79.0
ZIF-80.1% 6.2 5.7 5.5 67.5 8.1 89.5
ZIF-8 0.2% 3.8 3.8 45 375 0.8 1183

Table C. Detailed data of preliminary PWF result from Zaragoza.

Membrane Flux (L/m2.h)
0.10% 0.20%

7 bar 10 bar 7 bar 10 bar
PSf support 105.5 127.2 105.5 127.2
PSf+PA 6.8 13.5 6.8 13.5
PS+PA+ZIF-8 9.8 12.7 24.7 40.4
PSf+PA+ZIF-94 12.6 13.6 9.1 12.9
PSf+PA+ZIF-L 0.0 0.0 - -
PSf+PA+NH2-ZIF-8 0.0 5.0 0 0
Ui0-66-NH» 27.6 32.8 0 0
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