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Abstract

Membrane technology has become a predominant process in providing one of the key components of
life (water), either through water and wastewater treatment for water quality purposes or desalination as
seen in Ultra-filtration, Nano-filtration, Reverse osmosis, Membrane distillation, Pervaporation, among
others. With the ever-increasing demand for portable water due to population increase, constant research
has focused on the improvements of the performances of the different water treatment systems including
enhancing the performance of the membrane. Among all the different membrane performance
enhancement techniques exploited, incorporation of filler has gained much grounds in the last decades.
Traditional fillers like silica gel, activated carbon, metal oxides and zeolites are now being challenged
by the recent class of mesoporous materials known as Metal Organic Frameworks (MOFs), which are
built of metal ions or metal ion clusters linked together by organic ligands giving these materials tunable
pore geometries and pore volume, greatly improved surface area with extraordinary adsorptive
properties. The membrane incorporating MOFs demonstrate enhance performances more than the other

fillers due to the good coordination of the organic moiety and polymers.

The overall objective of this project is to develop and study a membrane incorporated MOFs nanofiber
system vis-a-vis their applications in heavy metal contaminated water treatment, stability in aqueous
media and the advantages and drawbacks of these composite membranes with regards to the quality of
the water produced. The developed materials were characterized by SEM, FTIR, TEM, XPS, DSC, and
TGA. The heavy metals earmarked for this study include; Lead, Mercury, Cadmium, and Zinc and were
studied using flame atomic absorption spectrometry (FAAS). Upon successful fabrication of the
nanofiber membranes, detailed adsorption studies were conducted (pristine MOF, pristine nanofibers,
enmeshed MOFs) to establish adsorption kinetics and isotherm, which were used further to select the
best performing membranes for filtration application. Two different MOFs were used, MOF808; made



of Zirconium and Benzene Tricarboxylate) and MOF F300; made of Iron and Benzene Tricarboxylate)
The adsorption capacities of the MOFs for the different heavy metal analyzed were; MOF 808 (Pb-
170.74 mg g%, Zn-287 mg g1, Cd-225.05 mg g%, Hg-276.96 mg g*) and MOF F300 (Pb-148.13 mg g
! Hg-229.66 mg g), while the membrane adsorption capacities were; PA808 (MOF 808 embedded
within polyacrylonitrile (PA) nanofibers, (Pb-23.98 mg g*, Hg-50.88 mg g*), PA300, MOF F300
embedded within polyacrylonitrile nanofibers, (Pb-30.19 mg g%, Hg-53.09 mg g1). Upon activation of
MOF 808 by water (hydractivation), the removal efficiency of MOF 808 was improved by 10% while
the MOF membrane efficiency was increased by 30%. Filtration experiments could produce 577.5 L of
treated water with a single layer of PAN/ MOF808 membrane at 0.1 bar using a 50 ppb Pb ion feed

solution.



Résumé

La technologie de membrane est devenue un processus prédominant en fournissant une des composantes
clés de la vie (I'eau), par le traitement de I'eau pour la qualité de I'eau ou par le traitement des eaux
résiduaires ou le dessalement comme vu dans l'ultra-filtration, Nano-filtration, osmose d'inversion,
Pervaporation notamment. Des différentes techniques d'amélioration de comportement des membranes
exploitées, I'incorporation du remplisseur a gagné beaucoup des raisons pendant les derniéres décennies.
Les remplisseurs traditionnels aiment le silicagel, charbon actif, des oxydes métalliques et les zéolites
maintenant sont contestés par la classe récente des matériaux mesoporous connus sous le nom de cadres
organiques en métal (MOFs) qui sont établis des ions en métal ou des groupes d'ion en métal liés
ensemble par les ligands organiques donnant & ces matériaux les géométries de pore et le volume
réglables de pore, superficie considérablement améliorée avec les propriétés adsorptives extraordinaires.
En raison de la bonne coordination de la partie organique et des polyméres, MOF a basé des membranes

tournent pour augmenter des représentations davantage que les autres remplisseurs.

L'objectif global de ce projet, est de développer et étudier les membranes polymeres de nanofibre basées
par MOF vis-a-vis leurs demandes de traitement d'eau contaminée de métaux lourds, de leur stabilité
dans le media aqueux, d'avantages et d'inconvénients de ces membranes composées quant a la qualité de
I'eau produite. Les métaux lourds affectés a cette etude incluent ; Plomb, Mercury, cadmium, et zinc. Sur
la fabrication réussie des membranes de nanofibre, des études détaillées d'adsorption ont été entreprises
(MOF original, nanofibres original, MOFs emmélé) pour établir la cinétique et I'isotherme d'adsorption,
qui ont eté employées plus loin pour sélectionner les membranes les plus performantes pour I'application
de filtration. En outre, une compréhension en profondeur du mécanisme d'adsorption a été établie et
plusieurs parametres de processus affectant le processus de filtration sur membrane ont été étudiés le

long du cote.
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Chapter 1: Introduction

1.1 Background

With the steady rise in global population and the associated need for continuous industrialization,
pollution and contamination of water have been on the forefront, compromising essentials of life like
water. Water contamination is a growing cause of degrading public health as more attention has been
drawn to the anthropogenic sources of contamination. Among the contaminants of air, land and water,
heavy metals have showed their omnipresence across land and water with relatively severe negative
health impacts. These heavy metals have challenged the water treatment industry for decades because
they cannot be degraded by natural biological mechanisms, as such, solid phase sorbents have been
developed for the remediation of contaminated water. With only 3% of the available global water being
fresh water, the World Health Organisation (WHO) has estimated that about 1.2 billion people live in
areas were water is physically scarce and another 1.6 billion are suffering from economic water shortage
where nations lack the necessary infrastructure to process ground water, river water, etc. [1]. The WHO
has also set strict guidelines that water quality must meet including heavy metal ion content. For
example, the maximum allowable concentrations (MAC) include; Pb (10 pbb), Hg (1 ppb), Cd (3 ppb),

As (10 ppb) [2].

Technologies that are currently available for heavy metal removal include adsorption, advanced
oxidation processes (AOP) [3,4] and membrane separation. For the removal of trace metals from water
by conventional adsorption techniques, a relatively large quantity of the sorbent is required. Also, AOPs
usually produce unwanted by-products and are substance specific. Membrane technology have proven
to be a more reliable tool for water treatment, but the challenges that it is facing include inadequate
removal of trace heavy metals, the effects of background or co-existing ions, membrane fouling, the low

fluxes, among others.



Nanofiber membranes (NFMs) adsorption has the advantage of high surface to volume ratio which
greatly enhances adsorption efficiency compared to conventional adsorption processes for an equivalent
dose of adsorbent. The resistance to water flow in NFMs processes is negligible hence much higher
fluxes are attainable. Compared to conventional membranes, NFMs have higher porosity, interconnected
open pore structure and tailored thickness. These makes them an easy target for low pressure processes
and hence avoidance of high cost high pressure operations. It is thus evident that NFMs systems are
expected to be a viable and inexpensive process for the removal of heavy metal contaminants in water

compared to competing technologies.
1.2 Project objectives

This project has been designed with the overall goal of developing high flux adsorptive nanofiber
membranes enmeshed with metal organic frameworks (MOFs) for the treatment of heavy metal
contaminated water. NFMs are chosen because of their easy preparation procedure and they have been
considered as relatively high flux membranes and MOFs for their superb adsorption capacities and fast
kinetics towards heavy metal ions. The treated water is expected to meet drinking water standards
guidelines for Canada in terms of the heavy metal content and easy scale up for industrial purposes are
to be considered as well. The required route that will be pursued to arrive at these goals are outlined in

Figure 1-1 below.



_\

Batch system

Continueous
system

Figure 0-1.Flow sheet demonstrating the various routes to achieve project goals.

1.3 Thesis structure

Chapter 2 of this work introduces MOFs as materials for adsorption and the different routes that have
been employed for their synthesis and their incorporation as fillers into polymer matrix for membrane

adsorption purposes and the various techniques involved in the fabrication of MOFs membranes.



Chapter 3 builds on a proof of concept where MOFs are synthesized then incorporated into the polymer
and one of the techniques discussed in chapter 2 is used in preparing MOF nanofibrous membranes to
be applied for the treatment of heavy metal ion contaminated water. Two specific MOFs are targeted for
preparation with two different polymers and both MOFs and MOF embedded membranes are tested for
their efficiencies focusing on two specific heavy metal ions. The pristine MOF and their corresponding
membranes were characterized as much as possible and an optimal membrane was selected for targeted

performance experimentation.

Chapter 4 seeks to establish an in-depth understanding of the adsorption mechanism earlier discussed in
chapter 3 by looking more closely at the MOF material. This chapter is intended to create a deeper
understanding of the removal principles in order to be able to create room for improvement through
activation of MOFs by removal of entrapped pore solvent to enhance the performances reported in

chapter 3.

Chapter 5 attempts to show a mathematical model based on some performance results from prior two
chapters and the following chapter 6. It tries to show a model capable of predicting the quality of the
membrane filtrate when certain parameters are specified. A simple to apply yet robust model was

established capable of predicting the permeate quality as filtration time changes.

Chapter 6 discusses the effect of some process parameters and how they affect the filtration process in
terms of the volume of treated feed. This chapter targets specific and important parameters and shows
the role they play in the volume of the sufficiently treated water, to enable treatment facilities to
understand the capacity of the membrane relative to process parameters and adjust accordingly based on

the process parameter been considered at the time of operation.

Finally, chapter 7 presents a conclusion of this study and proposes a road map for going forward and

looking at areas where improvements could be attained, and some suggestions are made on future works.
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Chapter 2: Literature review

Adsorption of heavy metals from waste and contaminated water has been achieved conventionally by
use of adsorbents such as activated carbon and metal oxides in a fixed bed. The metal oxides commonly
used are manganese oxide, ferric oxides, titanium oxides, aluminium oxides, and cerium oxides[5-9].
These adsorbents are well known for their high adsorption capacity and selectivity for heavy metals.
However, they easily aggregate due to weak van der Waals forces and thus adsorption capacities may
decrease. Also, in the fixed bed, the excessive pressure drop and the adsorbents' poor mechanical stability

make them less suitable for treatment processes.

Natural adsorbents like paddy husk, corn cob, wheat bran, orange peel, coconut husk and saw dust[10]
have been used for the removal of heavy metals such as Cd, Pb, Ni, and Zn. Their low adsorption

capacities, slow kinetics and difficulty of regeneration limits their use for water treatment processes.

Metal organic frameworks (MOFs) are a recently developed class of materials gaining much attention
as standalone adsorbents and fillers for mixed matrix membrane fabrication. This class of materials are
made of inorganic metal ions or clusters linked together by organic moieties (Fig. 2-2). With diverse
metal and organic combinations possible, MOFs turn out to show varied structural morphology (2D and
3D) with tunable pore geometry, exceptionally high porosity hence large surface areas, resulting in
profoundly large adsorptive properties[11] . MOFs have been used as adsorbents in the adsorptive
removal of various heavy metals in wastewater with high adsorption capacities and relatively fast
kinetics[12]. However, much more research has been done on gas separation than on aqueous phases
most likely due to the instability of most MOFs material in water. For the MOFs that have showed hydro-
stability, the linkers have most often taken the credit. These linkers also play a vital role in cases where
the MOFs are used in composite with other materials like polymers. Since MOF linkers are mainly

organic chains, coordination bonding with the polymer is stronger, which further leads to enhancement
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of selectivity and stability by preventing micro-gap formation [13]. Thus, MOFs are potentially suitable

as fillers to be embedded in polymeric membranes.
2.1 Structure of MOFs

MOFs are made of two distinctive components: the secondary building units (SBU) which are the metal
ions or metal clusters and the organic molecules that link the SBUs to create a 3D (Fig. 2-1) periodic
meso-porous structure. The metal ion or cluster and the linkers could be substituted to produce a vast
array of different MOFs. A variety of SBU could be substituted with the same linker to produce different

MOFs (Fig. 2-1)

Secondary building units Different MOFs

Zn

e
XA

b2l

Octahedron (CN = 6)

MIL-101

BDC linker
ﬁ

Cuboctahedron (CN = 12)

UiO-66

Figure 2-1. MOF structures from different metal clusters with same linker (BDC; terephthalate) [14]



HKUST-1 (Hong Kong University of Science and
Technology) is a metal organic framework (MOF)
made up of copper nodes with 1,35-
benzenetricarboxylic acid struts between them. The
spheres represent the pore sizes within the
framework. which can be used for heavy metal

adsorption.

MOF-5 (sometimes called IRMOF-1) is a metal
organic framework (MOF) formed from Zn4O nodes
with 1,4-benzodicarboxylic acid struts between the
nodes. The spheres represent the pore size that can be

used for heavy metal ion adsoprtion.

UiO-66 (Universitet i Oslo) is a metal organic
framework made up of [ZreO4(OH)4] clusters with
1,4-benzodicarboxylic acid struts. The orange sphere
shows the primary pore size and the green sphere
shows the secondary pore size, both of which can be

used for heavy metal ion adsorption.

IRMOF-10, als‘o known as MOF-ld, is part of an IRMOF
series based on MOF-5

(IR stands for isoreticular = based on the same net, having the
same topology)

It is formed from Zn4O nodes with 4,4’-biphenyldicarboxylate

(BPDC) struts between the nodes.

Figure 2-2. Structural representation of different MOFs (CAS-Princeton University database)
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Although it has been seen in gas phase separation that MOF incorporated mixed matrix membranes
(MMMs) pose great potentials, other schools of thought have presented opinions that the potentials of
MOFs embedded in a polymer matrix will not be completely accessible since there is a possibility of a

thin polymer film build up around the MOFs particles[15]

Our interest is primarily on the use of MOF incorporated MMMs for the treatment of aqueous solutions,
the different techniques which have been employed are for the preparation of MOF incorporated MMMs,
a systematic analysis on the MOF stability in aqueous media, and the advantages and drawbacks

associated with the use of MOF incorporated MMM for treatment of water and wastewater.
2.2 MOFs Synthesis

MOFs usually were prepared by conventional electric heating with the reaction temperature as the key
parameter for synthesis. Two temperature ranges defined as solvothermal and non-solvothermal have
been used to distinguish the reaction setups. Solvothermal reactions could be defined as those syntheses
occurring in closed vessels under autogenous pressure and above the boiling point of the solvent. Non-
solvothermal reactions occur below or at the boiling point of the solvent under ambient pressure thus

simplifying the synthetic requirements.



A summary of the various synthesis routes for MOFs is shown in Fig. 2-3. The two most important and

widely used techniques (microwave assisted and electrochemical synthesis) shall be discussed briefly.
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Figure 2-3. Overview of different synthesis routes for MOFs [14]

2.2.1 Microwave (MW)-Assisted synthesis

This synthesis route depends greatly on the interaction of mobile electric charges with electromagnetic
waves. The electric charges could come from electron/ions in a solid or from polar solvents
molecules/ions in a solution. The polar molecules in the solution will try to align themselves with the
electromagnetic field as such they change their original orientations permanently. Heating in the solid is
mostly due to electric resistance as an electric current is applied. In both systems, when an appropriate
frequency difference is applied, it increases the oscillation and collision, hence increasing the Kinetic

energy of the system, i.e., temperature. Since the solution/reactants interact directly with the radiation,



MW heating is no doubt a very energy efficient means of heating. As such, MW heating provides high
heating temperatures and homogeneous heating of the sample is achieved. Temperatures of MW assisted
synthesis are usually above 100 °C and total reaction time not exceeding 1 h. Here, the choice of solvent
and energy input should be taken into consideration since initial materials could interact with the MW
radiation. This method of MW assisted synthesis has an advantage of accelerated crystallization and the
formation of nanoscale products but it is also known for the purity of its products. Several MOFs of the
metal (111/\/1) carboxylate base have been prepared by this route especially those for Fe, Al, Cr, Ce, and

Zr [16-21].
2.2.2 Electrochemical synthesis

For large scale and continuous synthesis of MOFs, researchers turn to electrochemistry for the formation
of crystalline powders as first accomplished by BASF researchers in 2005 [22]. In this technique, metal
ions rather than metal salts are used and introduced continuously through anodic dissolution to the
reaction environment containing a conducting salt and dissolved linker molecules. Solvents like
acrylonitrile, acrylic acid and other protic solvents are used to prevent deposition of metal on the cathode.
The performance of MOFs produced by electrochemistry is inferior to their solvothermal counterparts
due to incorporation of linker molecules and/or conducting salts in the pores of the MOF during
crystallization. That notwithstanding, this synthesis route can best be used to produce MOF thin films

by carefully adjusting and fine tuning the reaction conditions to grow films in the range of 2-50 pm [23].
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2.3 Mechanism of Heavy metal adsorption by MOF

Several mechanisms have been reported for MOF/heavy metal ion adsorption, some of which will be

discussed here and summarized in Fig. 2-4.
2.3.1 Electrostatic interactions

This is the most dominant mechanism in heavy metal adsorption using MOFs. Depending on the type of
the ion being treated (Anion or Cation) the surface charge of the MOF plays a key role in the removal
process. The isoelectric point (iep) will determine the pH at which the MOF carries no net surface charge.
Lin et al., studied the adsorptive behaviour of Cu-BTC over methylene blue (MB). They demonstrated
that, the iep of the MOF was pH 4 £0.4, implying below this pH, the zeta potential of the MOF was
positive and above pH 4, it was negative. For improved adsorption, therefore, the removal was conducted
at a higher pH. In aqueous medium, MOFs usually undergo deprotonation which exposes their anionic
groups for easy electrostatic interaction with cationic groups. This concept was further proven [24]
during the studies of removal of dyes; methyl red, Nile red (NR) and Nile blue (NB) using the cationic
MOF (Cu(Imid)(H20)™). Since NB exists in anionic form, the cationic MOF could adsorb NB but not
positive NR although NB and NR are structurally similar. This selectivity was attributed to electrostatic

interactions.
2.3.2 Hydrogen bonding

Adsorption by H-bonding also occurs in removal of contaminants by MOFs which is common with
organics. Several MOF/adsorbate systems have been studied to understand the H-bonding concept as
seen in the studies conducted by Xie et al. [25]. Two Al-based MOFs (CAU-1 and MIL-68-Al) were
used for adsorption of nitrobenzene. The presence of the pu-OH in both MOF group (AI-O-Al units)

enables the H-bond formation with the nitrogen atom of the nitrobenzene. Hasan et al., [26] also studied
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the pyridine adsorption over UiO-66 and NH2-UiO-66. It was seen that there existed a preferential
adsorption of pyridine to the functionalized NH»-UiO-66 compared to the UiO-66. The N on the pyridine

could form H-bonds with the H on the amino group of NH2-UiO-66.
2.3.3 Influence of framework metal

Adsorption by analogous MOFs has been reported to show varied adsorption capacities in gas-phase and
non-aqueous liquid phase adsorption systems. This influence was studied by Tong et al., [27] when they
used MIL-100-Fe/Cr for the adsorption of dyes. Both of them have similar surface area (1770 and 1760
m?/g, respectively) and pore volumes (0.76 and 0.75 cm?®/g) but in the adsorption of methyl orange (MO)
in water, MIL-100-Fe showed significantly higher adsorption capacities (1045 mg/g) compared to MIL-
100-Cr (211.8 mg/qg). This difference could be explained in terms of the competitive adsorption of MO
and water at the surface of the MOF. Adsorption of water molecules generally occurs at the aperture of
pentagonal and hexagonal windows, which turns to reduce the accessibility of the MIL-100-Cr cages for

the MO.
2.3.4 Pore/size-selective adsorption

MIL-101-Cr is a highly crystalline MOF material and has unique properties with the ability to tune their
pore size without any significant effect on its structural properties. As a result, size selective adsorption
plays a role in the adsorption to the MOFs. In the adsorption of methylene blue (MB) over MIL-101-Cr
and meso-structured MIL-101-Cr [28] complete adsorption of MB was noticed with meso-structured
MIL-101-Cr within 2 h, while no adsorption occurred with the pristine MIL-101-Cr over the same time
frame. This clearly shows the effect of mesopores in enhancing the adsorption process. Adsorption of
MB, malachite green (MG) and rhodamine B (RB) were also studied by Yao et al [29]. The neutral
MOF could adsorb MB and MG but not RB due to the large size of RB creating steric hindrance and

restricting the passage through the small pores of the MOF.
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Other mechanism of adsorption includes pi-pi interactions brought about through the interactions of the
benzene sea of electrons on the MOF with an adjacent ring from the adsorbate molecule. Also, acid-base
and hydrophobic interactions have been proposed as possible adsorption mechanisms for heavy metal

ions.
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Figure 2-4. Schematic of plausible mechanism of removal of heavy metals by MOFs[30]

2.4  Structural stability of MOF in agueous media

The first generation of porous metal-organic materials synthesized, MOF-5 and HKUST-1 showed
relatively strong sensitivities to moisture making them inappropriate for use in processes that involve
moisture and water. This instability mechanism has thus been studied in greater details to understand the

interactions in order to develop more water and moisture resistant MOF materials applicable in both
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direct and indirect water related processes. But the lack of predictive models of water adsorption is
posing a challenge in the design of water resistant MOFs [31]. Fig. 2-5 below shows the comparative

stability of different MOFs under varied steam conditions conducted by Low and colleagues [32].
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Figure 2-5. Steam stability map of MOFs. The position of the structure for a given MOF represents its maximum structural
stability as probed by XRD measurements, while the energy of activation for ligand displacement by a water molecule as
determined by molecular magenta numbers (kcal/mol) [32]

It is observed from the figure that, some of the MOFs fall on the higher steam stability region, at high

water loading as is the case with water treatment application, the MOF is unstable.

Since this discussion focuses on the use of MOFs as candidates for water treatment processes, this section
will dwell more on the stability of the MOF when applied to aqueous systems. The crystallinity, pore

volume along with the adsorption potentials when exposed to water (liquid) shall be reviewed.

It is of utmost importance that during the water treatment process, the stability of the MOF should not

be compromised. This could either lead to the central metal ion displacement causing leakage into the
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process stream or the MOF could lose its adsorption ability earlier than presumed. These adversely
affects the amount of feed the process can treat, resulting from structure collapse (pore volume
shrinkage). The structural stability of MOFs in water and water vapor depends on several factors, which

this section will try to outline in an un-exhaustive representation (Fig. 2-6).
2.4.1 Metal-ligand bond strength

The stability of any compound has always been linked to the bond strength of the elements that make up
the compound. In MOFs, the center metal ion is always bonded to the ligand through a ligand oxygen
/nitrogen moiety. As already known in bond chemistry that bond length in most cases determines the
bond strength (the shorter the bond, the more stable it is). The stability of MOFs in water has also been
associated to the metal-oxygen or metal-nitrogen bond strength and the ability of the ligand to shield the
inorganic metal node from direct attack by water molecules. A comparison of some metal-ligand bond
energies of divalent metals explains why MOF-5 is unstable in water compared to HKUST-1 while MIL-
101 is more stable than HKUST-1. MOF-5: (Zn-0O, 365 kJ/mol) < HKUST-1: (Cu-O, 372 kJ/mol) <

MIL-101: Fe-O (468 kd/mol).
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Figure 2-6. Factors controlling the structural stability of MOFs in aqueous media [33]
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2.4.2 Ligand basicity

The research into MOFs has seen tremendous improvement to the extent that many different ligands
have been developed to produce MOFs to suit varied purposes (Fig. 2-1). The structural stability of a
MOF has also been associated to the basicity of the ligand with the more basic linkers capable of forming
stronger metal-ligand bonds than less basic linkers. The imidazole linkers (pKa = 18.6) and pyrazole
linkers (pKa =~ 19.8) with relatively higher pKa values turn to be more hydrothermally stable than the
carboxylates (pKa = 5) and pyridine (pKa = 5) due to the higher pKa of nitrogen-based linkers found in
the imidazole and pyrazole (ZIFs) compared to the weaker pKa oxygen-based linkers of the carboxylates.
Certain members of the carboxylate based MOFs like UiO-66 (Zr), MIL-101(Fe), MIL-125(Ti), MIL-
53(Al) and MIL-101(Cr) have also been proven to be structurally stable in aqueous media[34,35], which
implies not only does the basicity of the linker and strength of the metal-ligand bond affects the structural

stability of the MOF, and other factors also play key roles in aqueous media stability (Fig. 2-7).
2.4.3 Metal center and coordination number

It is very much understood that compounds with high coordination number metal ions are more stable
than those with lower coordination number metal ions. MOFs metal ion coordination numbers are
usually 4 (tetrahedral) and 6-8 (octahedral) Fig. 2-7. In the octahedral state, the metal ion is saturated
thus posing a higher energy barrier for a water molecule to react with the metal as opposed to a lower

energy barrier in a tetrahedral unsaturated state, thus leading to linker displacement in aqueous media.
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Figure 2-7. a) DCA unit linked to three octahedral SBUs. Zn blue, O red, N green, C black. b) One net of MOF-150 with
Zn0q tetrahedral (blue) filled in c) as (b) but stylized [36]

This phenomenon has prevailed in the explanation of the unstable nature of Cu-BTC in aqueous medium
and high stability of UiO-66 in aqueous medium. Liu and coworkers [37], studied UiO-66 stability in
aqueous media for a period of 100 days. The PXRD data showed a highly stable MOF (Fig. 2-8). Cu-
BTC has two central Cu ions bonded to four of the tri-carboxylates resulting in a tetrahedral coordination
similar to Fig. 2-7a above. It is thus evident that, the unsaturated Cu ions are susceptible to attacks by

water molecules and other small molecules with free electrons to form other complexes.
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Figure 2-8. PXRD pattern of UiO-66 powders, as-prepared and after stability test [37].

On the other hand, UiO-66 is very much water stable due to the saturated nature of the Zr metal ion. UiO
MOF lineage has twelve- ZrsO4(OH)4 coordinated to terephthalate ligand as shown in (Fig. 2-7a). The
Zr central metal in this MOF thus has a coordination number of 8, hence saturated, making it difficult

for water and other small molecules to access the metal.

The type of central metal ion carried by the MOF has also been studied for stability in aqueous medium.
A series of frameworks M(BDC)(TED) were studied [38] to better understand the role played by the
central metal ion. (M=Cu, Zn, Ni, Co, BDC= 1,4 benzene-di-carboxylate, TED = tri-ethylenediamine).
Experimental analysis using PXRD of these MOF after interaction with water revealed that the central
metal ion was a contributor to the decomposition of the MOF. In the case of Cu (BDC)(TED)os, a
hydrolysis reaction of the Cu-O-C group was observed to induce the paddle-wheel structural

decomposition. In the case of the other MOFs (Zn and Co frameworks), the water molecules gradually
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replaced the TED pillars and bonds to the apical sites of the paddle-wheel Zn>(COO)4 and Co2(COO)a.
It was further concluded that the trend observed in the MOF series followed the bond dissociation
energies of the diatomic metal-oxygen complexes and the metal-amine complex stability constants.
Thus, the isostructural MOF hydrothermal stability follows the order of Co-MOF > Zn-MOF > Ni-MOF

> Cu-MOF.
2.4.4 Metal oxidation state

Metal ion or metal clusters with higher oxidation state or numbers generally form stable compounds
when bonded. Serre et al., (2002) demonstrated that the Cr®* ion found in MIL-53-Cr contributed in the
structural stability of the MOF when compared to the Cr?* contained in MIL-101-Cr. It must be noted
that, the oxidation state on its own has relatively little effect on the stability but for the fact that M>*
metals usually form octahedral bridges with the linkers hence making the M-O bond very water resistant.
This hypothesis was studied by comparing the isostructural MOF MIL-53-(Al, Cr) [34] and found that
the AI-O bond strength (514 kJ/mol) was similar to the Cr-O bond strength (514 kJ/mol) but further
analysis revealed that, the activation energy for displacement of the linker by hydrolysis was 43.5
kcal/mol for AIP* and 30.4 kcal/mol for Cr®* proving why MIL-53-Al turns to be hydrothermally stable
than MIL-53-Cr. This concept was further validated [39] using two different Al based MOFs (MIL-53
and MIL-110). Since the Al in the MIL-110 is linked through an octahedral lattice to the BTC linker, it

showed enhance hydrothermal stability than MIL-53-Al.
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2.5 MOF incorporated membrane synthesis for liquid phase applications

While most MOF incorporated membranes have been applied for gas separation, several MOF
incorporated membranes have been applied in the treatment of aqueous and non-aqueous liquids.
Irrespective of the technique and process, membrane dope always comprises of a suitable polymer,
suitable solvent and the filler (MOFs). Several polymers including Polyvinylidene fluoride (PVDF),
Polyvinyl alcohol (PVA), Polydimethylsiloxane (PDMS), Polyacrylonitrile (PAN), and polyether block
amide (PEBA) are the most common because of the chemical and mechanical stability, the ease at which
they dissolve in most solvents like Dimethylacetamide (DMAC), N-Methyl-2-pyrrolidone (NMP),

Dimethyl sulfoxide (DMSO) and Dimethyl formamide (DMF).

Considering the flexibility and the ease of application, non-solvent phase inversion separation is among
the common techniques for preparing MOF-MMM for liquid phase treatment. Here, a coagulation bath,
usually water is used to induce a solvent/non-solvent exchange with the end point being the solidification
of the polymer to form porous flat sheets. Three different MOFs (based upon Iron, aluminum and copper)
[40] were used to prepare ultrafiltration membranes by phase inversion (precipitation immersion) method
shown in Fig. 2-9. 1 wt. % MOF was dispersed in the polymer /solvent mixture, followed by sonication
and immersion into a coagulation water bath. The resulting membranes showed good porosity (>80%),

enhanced rejection with dextran and also a permeability of up to 260 L/m? h bar.
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Figure 2-9. Schematic preparation of Porous matrix membrane by phase inversion precipitation immersion method [40]

A traditional technique mostly used in preparing dense membranes for pervaporation has also been used
in preparing MOF-MMM for pervaporation treatment of aqueous and non-aqueous liquids. The MOF is
added and ultra-sonicated into the polymer mixture to attain homogeneity. Usually low filler

concentrations are used to prevent particle aggregation. Hua et al. [41] used this method to prepare
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pervaporation membranes for dehydration of isopropanol using ZIF-90/P84/DMF mixed matrix
membrane. In this fabrication route, the total mass fraction of ZIF-90/P84 in DMF was about 17 wt. %.
The solution was cast using a casting knife (250 um) on a glass plate which was then placed in an oven
for solvent evaporation as opposed to the immersion precipitation method earlier discussed where the
plate is immersed in a coagulation bath. After drying for 13h at 60 °C, the membrane was peeled off and
then subjected to solvent-exchange using methanol for 24h to effectively remove residual solvent from
membrane pores. Thereafter, the membrane is ready for further characterization and pervaporation

performance test.

For pressure driven separation processes like nanofiltration and ultrafiltration, the membranes fabricated
from the above techniques suffer from mechanical instability and thus synthesis has been improved by
casting the MOF-polymer solution on a support. Instead of casting on a glass plate and peeling off, the
dope is casted on a support (usually porous) for extra mechanical strength. We believe that this method
of membrane fabrication can be a great and simple tool for fabricating durable membranes when the
dope solution is allowed to penetrate the pores of the support, during the optimized contact period, with
neither completely filling the pores nor floating on the outside. Thus, the membrane performance could
be greatly improved in terms of flux, porosity and mechanical strength. This optimization will therefore
be greatly influenced by dope viscosity and the tortuosity of the support material pores and therefore a

concise systematic study is required.

Ceramic substrates are one of the most common substrates used in the fabrication of support-based MOF
membranes. The choice of this support is due to its highly porous surface and chemical resistance.
Tubular ceramic substrates were used in an in-situ layer-by-layer (LbL) (Fig. 2-10) preparation of
ZIF8/poly (sodium 4 styrenesulfonate) (PSS) membrane for removing MB dye from water by

nanofiltration [42]. The substrate surface is first functionalized by (3-Aminopropyl) triethoxysilane
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(APTES) and then grafted with PSS by immersing in 0.3 wt.% PSS solution for 30 min at 60 °C followed
by immersion in Zn (NOz)2 methanol solution for the same period and at the same temperature. A final
stage involved immersion of the tubular ceramic membrane in a solution mixture of Zn (NOz)> and Hmim

in methanol (Cznno3)2 : CHmim, 1:4).

APTES PSS Zn(NO,), PSS + 2HmIm
N
)| © | O P| X n v
\
&
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Figure 2-10. Schematic representation of the preparation of ZIF8/PSS membrane on tubular ceramic membrane by a layer-
by-layer assembly method [42]

The membrane was then rinsed with methanol for 10 min and dried at 60 °C for 1h. The last stage as
shown on the figure could be repeated based upon the number of layers of ZIF-8/PSS required. This LbL
technique proves efficient since the MOF is produced in-situ and deposited on the surface at same time,
hence a more uniform distribution is achieved. Depending upon the number of layers, the flux could be
greatly reduced due the increased dense nature of membrane with increasing layers (resistance to mass

transfer). The initial grafting stage turned to be the main determinant for the long- term use of such

23



membranes because if the grafting should become unfavorable, the top MOF membrane could peel off.
The stability of such grafted membrane has to be tested further for reliability and compatibility for long

term processes.

Whenever porous or nano-scaled or metal oxide materials are used as the filler in the composite
membrane, there is always the issue of agglomeration. Agglomeration is known to increase the size of
these particles from the usual nano-scale to micro levels. Preparing MOF incorporated membranes also
suffers from the same issues but with techniques like the in-situ preparation discussed above, the
agglomeration effects can be reduced. Co-blend simultaneous spraying was proven to reduce aggregation
of MOF particles even at high loadings of 40 wt.% [43]. This technique was used in preparing ZIF-
8/PDMS membrane for biobutanol permselective pervaporation. Here, ZIF-8/PDMS solution were
loaded in one nuzzle and a cross-linking agent tetraethyl orthosilicate (TEOS) and catalyst dibutyltin
dilaurate (DBTDL) was loaded onto another nozzle (Fig. 2-11). Both the nozzles were then pressurized
simultaneously to spray both solutions on a porous substrate. XRD and SEM analysis of the resulting

membrane showed uniformly dispersed ZIF-8 particles.

PDMS Nozzle1l Nozzle2
& TEOS/DBTDL Q Q
= ZIF8
=5 «» 3 :
« € < -
2 «>
L ..__.A,!,.,.__,‘— o

(a) Porous substrate

(d) ZIF-8—PDMS Nanohybrid membrane (c) Crosslinking

Figure 2-11. Formation of the ZIF-8 PDMS nanohybride composite membrane by simultaneous spray assembly technique[43]
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The underlying principle is based on the fact that, upon spraying the MOF/PDMS solution, the particles
become evenly distributed on the porous substrate and are further individually separated by the PDMS
chains. When the cross-linker/catalyst mixture gets in contact with the porous substrate, cross linking
occurs and the ZIF-8 particles are further surrounded individually by PDMS chains, as a result the ZIF-
8 in PDMS solution is uniformly dispersed with minimal aggregation irrespective of the filler loadings
of up to 40 wt.%. Though this method is efficient for reducing agglomeration of particles, it is regarded
not effective due to the large amount of wasted raw materials and not environmentally friendly because
of the pollution effects of the organic solvents used. Thus, the coordination driven in-situ self-assembly
method seems preferable. Here, the MOF precursors are mixed in the polymer as such, coordination
bonds are formed between the metal ions and organic ligand as the membrane is been formed (Fig. 2-
12). Zhang and coworkers [42] used this method to prepare MOF hybrid nanofiltration membranes for
removal of dye from water. This seems very robust because the concentration of MOF in the final
membrane is controlled by the amount of MOF precursors loading which also had a direct relationship

with the particle size.

Though the membranes produced showed enhance performance in the nanofiltration experiment with a
reduction in static water contact angle (92° to 59°) resulting in enhanced flux (up to 270 L/m?.h.MPa)
and retention (> 98%), we believe that since there is a possibility that the yield of the MOF particles is
most likely less than 100%. This implies that the unreacted precursors could be embedded in the
membrane matrix, which might have long term consequences such as fast deterioration of membrane
performance and the possibility of breaching of these chemicals, which may lead to reduction of
membrane rejection and contamination of the permeate. This also will depend greatly on the

compatibility of the precursor moieties and the membrane polymer.
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Figure 2-12. Self-assembly preparation of the ZIF-8 hybrid membrane. a) Assembly of Zn2+ on the substrate. b) Assembly
of PSS and formation of ZIF-8 particles ¢) Proposed membrane structure. d) Cross section SEM image of the resulting
membrane (2 layers) [42]

MOF composite membranes have also been prepared for ethanol permselective pervaporation [44] using

a method known as dip-coating (Fig. 2-13).

PS substrate MIL-53/PDMS membrane
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Figure 2-13. Schematic representation of the dip-coating method for preparation for membrane preparation [44]
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In this method, the MIL-53 particles were first dispersed and stirred in n-heptane for 1 h before mixing
with PDMS solution. A cross-linker and catalyst (TEOS/DBTDL) were added to enhance the particles
dispersion under stirring. The mixture was then allowed to degas for 10 min to remove air bubbles at
100 Pa. The MIL-53/PDMS solution was then dip coated with sonication on the surface of PS substrate
for 1 min. The substrate was then removed and placed under a hot lamp for 6 h and heat treated in an
oven for 12 h at 80 °C. It must be noted that through this method, particle loading of up 70 wt. % was
achieved with a 410.0 nm roughness parameter with the 40 wt. % loading showing the highest flux of
5467 g/m?h. The reduction in flux with the loading increase could be attributed to aggregation of particles

at high loadings.

For most MOF composite membranes synthesized on support materials, ceramic substrates have been
used. Though not much research has actually been done to investigate the adhesiveness of the prepared
membrane on the ceramic surface, most membranes prepared have reported reliable performances. That
notwithstanding, to enhance the adhesiveness between the substrate and MOF composite layer, a
technique known as pressure driven assembly was investigated [45]. A copper-based MOF (Cuz(BTC).)
was thoroughly mixed by sonication with PVA-DMF-water solution for 30 min to obtain a homogeneous
solution. The ceramic substrate tubes were first pre-treated by immersion in a solution containing 95
wt.% ethanol and 8 g/L silane coupling agent for 2 h after which they were then dried in an oven at
110°C for another 2 h. The MOF/PVA solution was then poured into a vessel where the substrate had
been placed (Fig. 2-14). The vessel was then connected to a vacuum pump through a side tube for air
suction. The pressure driven assembly was done at a vacuum pressure of -0.08 MPa for 30 min at ambient

temperature. The prepared membranes were dried in an oven for 30 min at 40°C.
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Figure 2-14. Schematic illustration of the pressure driven assembly preparation of MOF/PVA nanohybrid membrane [45]

The prepared membranes were then tested in the separation of a 50 wt. % toluene/ n-heptane mixture
with improved separation factors and fluxes compared to the pure PVA membranes. But in this
technique, the MOF particles are more susceptible to aggregation as could be seen on the SEM images
(Fig. 2-15). As the MOF loading increased to 5 wt.%, more agglomerates could be noticed. We believe
that though the pressure driven assembly improves the adhesiveness between the MOF/substrate, the
trade-off here is that the MOF particles are allowed to aggregate for an extra time while the pressure

driven assembly is ongoing.

Figure 2-15. SEM images of (a) surface of tubular ceramic substrate (b) surface of 0.75 wt.% MOF/PVA loaded membrane
(c) surface of 5 wt.% MOF/PVA loaded membrane [45]
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In the same attempt to synthesize MOF composite membranes, a plugging-filling method [46] was used
to synthesize a hierarchical ordered stainless steel mesh (HOSSM)-ZIF-8-PMPS nanocomposite
membrane for the recovery of furfural by pervaporation. The stainless steel meshes were cut in 18 mm
diameter disc and plugged by hand with the ZIF-8 particles (Fig. 2-16), then the voids between the mesh

and particles was filled with silicon (hence the name; Plugging-filling).
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Figure 2-16. Schematic illustration of the preparation procedure of the HOSSM-ZIF-8 PMPS membrane by the plugging
filling method [46]

The plugged and filled mesh was then dip-coated into a mixture of a cross-linker (TEOS) and a catalyst
(dibutyltin dilaurate) at a dipping and withdrawal speed of 1 mm s* for 10 s using an automated dip-
coater. The prepared membrane is dried at 25°C for 10 min and the dip-coating process is repeated to
produce the final membrane which is then dried at 100°C for 12 h and held under vacuum. The MOF
loading was > 40 wt.% and the membrane demonstrated enhanced performance in terms of furfural

recovery and selectivity from water.
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2.6 Electrospinning

Electrospinning from its name entails the spinning of polymer solution into fibers of relatively small
diameters through the application of an electric charge force [47,48]. A typical electrospinning setup
(Appendix C-1) is made up an electric charge supply, a spinneret or metallic needle, a collector drum
usually metallic and a syringe containing the polymer solution usually mounted on syringe pump. When
the electric charge comes into contact with the polymer solution through the metallic needle,
electrospinning sets off. The induction of electric charges induces some instability in the polymer matrix
and the repulsive forces of the charged individual polymer chains produces a force capable of
overcoming the surface tension resulting in the flow of the solution. At this stage, a charged conical
polymer droplet known as the Taylor cone forms on the tip of the needle. With the collector drum placed
at an optimized distance from the needle and grounded, the opposing charges cause the Taylor cone to
deform further and spinning the polymer droplet to produce fine threads of nanofibers that are collected
on the drum. This Taylor cone spinning and attraction towards the collector drum, causes the polymer to
stretch leading to continuous production of fibers from the syringe and deposited on the drum[49,47,50].
This process is capable of producing fibers in the nanoscale (<200 nm in diameter) but could also produce
fibers with much greater diameter (> 500 nm in diameter) depending on the purpose end product.
Electrospun nanofibers have been used for several applications including, tissue engineering[51],
desalination[52], heavy metal adsorption[53], drug delivery[54], wound healing[55]. As such, to obtain
the final required product through electrospinning, there are some key factors that should be considered
and optimized some of which are discussed next. A successful spinning is most often than not declared
when bead-free fibers are produced and the parameters discussed are often optimized to prevent the
formation of beads. The electrospinning process parameters could be subdivided into 3 groups; the

spinning parameters (applied voltage, flow rate of the solution, distance between drum and needle and
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needle diameter), the solution parameters (type of solvent, concentration of the polymer, the conductivity
of the solution and solution viscosity) and the environmental parameters (temperature of the surrounding

and relative humidity). Some of the key factors as studied in this project are presented.
2.6.1 Solution flow rate

A steady flow of solution through the needle is essential for the formation of bead free nanofibers. As
the polymers at the tip of the syringe fiberizes there must be continuous and steady replacement for the
fiber production to continue. The rate of replacement of the solution is usually governed by the set speed
of the syringe pump. When the flow rate is higher than the rate at which the fibers are produced, excess
polymer drips off forming beads as a result of un-fiberized polymer. When the flow rate is too small, the
lag in time of appearance of new solution causes the production of discontinued and fragmented fibers
which affects the stability of the final product. In some cases, an increase in flow rate results in the

formation of larger diameter fibers[56,47] .
2.6.2 Applied voltage

The applied voltage via the spinneret or needle is one of the main contributing factor to electrospinning
since the formation of the Taylor cone and its subsequent deformation that leads to nanofiber formation
is as a result of the repulsive forces brought about by the applied voltage[48,57]. The applied voltage has
to produce strong repulsive forces to overcome the surface tension of the polymer hence different
polymers will produce nanofibers at different applied voltages. An increase in the applied voltage leads
to a decrease in the size of the Taylor cone which increases the velocity of the polymer jet resulting to
an increase in fiber diameter as reported by Deitzel and co-workers[58,59]. Smaller diameter nanofibers
have also been reported with an increase in applied voltage due the stretching of the polymer solution
and usually bead free [51]. This therefor calls for an optimization process depending on the polymer

been used to determine the range of suitable voltage to produce larger or small fiber diameter.
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2.6.3 Polymer concentration and solution viscosity

As the applied voltage induces stretching on the charged jet, the surface tension prevents polymer chain
entanglement which cause beads to form. When the concentration of the solution is reduced, the viscosity
of the solution also drops and chain entanglement can overcome surface tension to produce uniform
nanofibers. If the concentration is further reduced or become lower than the critical, surface tension
cause polymer chain entanglement and fragments of nanofibers are produced. In a study by Doshi and
Reneker [60], they revealed that an optimum viscosity for nanofiber formation by electrospinning is 800-
4000 cP. At higher concentration and viscosities, the solution, the flow through the needle tip is affected
due to drying of polymer and causes frequent blockages leading to defective nanofibers. In the
electrospinning of solutions containing additives like MOFs and other fillers, the concentration/viscosity
is of crucial importance because additives always increase the viscosity of the dope solution which could
lead to defective nanofibers. To produce defect free composite nanofibers, the polymer concentration

and viscosity must be optimized together with the concentration of the fillers.
2.6.4 Needle distance to the collector drum and needle diameter

Similar to the other parameters discussed, the distance of the needle from the drum affects the deposition
and evaporation rate of the nanofibers and hence the fiber morphology. When the polymer jet fiberizes
at the tip of the needle, it is attracted by the opposite charge on the drum and has to travel to be deposited
on the drum. If the drum is very closed to the needle tip, not enough evaporation time is available for the
excess solvent to evaporate allowing complete solidification of the fiber, hence, fragmented and
unsmooth fibers are collected on the drum. When the drum is too far away from the needle, the attractive
force between the opposing charges weakens and the produced fiber can not be stretched out and falls
outside of the drum. It is important to allow a suitable distance to obtain uniform nanofibers. The needle

diameter has a contribution in the Taylor cone produced as different shapes of the cone affects the

32



nanofiber morphology. In the electrospinning of polymer solutions with fillers, the size of the particles
could block the passage of solution from the needle tip hence a wider tip will be required for smooth

passage.

Other factors, like humidity and temperature of the environment have been seen to also affect the
nanofiber morphology in that, when all other parameters have been optimized but the spinning occurs in
high temperature environment, the solution could dry off easily at the needle tip causing blockage.
Elevated temperature environment also enhances rapid solvent evaporation and the produced nanofibers
become fragmented and appearance of beads. The role of s suitable solvent in electrospinning can not
be underestimated because the polymer must be completely soluble in the solvent and the solvent must
have a moderate boiling point. The boiling point determines the volatility of the solvent to avoid drying
off too quickly or too slowly. Highly volatile solvents are in most cases avoided because they evaporate
faster causing the jet to dry off and block the needle tip. Less volatile solvents will allow for solvent-
containing nanofibers to be collected on the drum which at same time dissolves the fiber or produce
beads. The most common solvents for electrospinning include tetrahydrofuran (THF)[61], DMF and

DMACc [62-64].
2.7 Conclusion

From the review, it is clear that this combination has been presented by other researchers but in the gas
field [65]. This was so because of the instability of early MOFs in aqueous systems but further research
has produced many water stable MOFs and we believe it is time to dig into the novel research of
combining MOFs and polymeric nanofibers for water treatment purposes starting with the removal of
some common heavy metal ions. With in-depth studies and further development, this system could stand
a chance at improving the future water treatment train.  Fabrication of MOF membranes for aqueous

and non-aqueous liquids is an emerging front of technology advances and, to our best knowledge, this
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research is the first-time fabrication of MOF membranes has been attempted for removal of heavy metal

ions from aqueous solution.

At the time of conception of this project, the literature review unveiled a knowledge gap that triggered
the objective of section 1.2. With all the potentials posed by MOFs, they have been tested and used
basically as standalone material, which will be challenging for practical applications. If standalone
MOFs were to be used for industrial water and wastewater treatment purposes, they will be required in
substantial quantities thus making the process cost inefficient. To actually increase the viability and
potential of this material to be used in the water industry as a cost-effective tool, they must be
immobilized unto a substrate that will not impede the functionalities of each other, can seamlessly
coordinate to each other without destroying the integrity of the composite. Since nanofiber membranes
have undoubtedly shown immersed contributions in the membrane field, it thus ties together to bring

these two materials together for a common goal.
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Abstract

Fe (111) and Zr (1V) based metal-organic frameworks (MOFs) were enmeshed in polyacrylonitrile
(PAN) and polyvinylidene fluoride (PVDF) electro-spun nanofibers to produce nanofibrous
MOF membranes (NMOM). The pristine MOFs showed high adsorption capacity for lead ions
and mercury ions from aqueous solution. The Fe (111) based MOFs with PAN based NMOM
exhibited a high flux of 348 L m2h*with a permeance of 870 L m* h* bar. At room temperature,
the NMOM could treat 395 mL of 100 ppb Pb (II) solution, while maintaining a drinking water
standard of < 10 ppb of permeate Pb (I1) concentration. Due to the high compatibility between MOF
and PVDF nanofibers, MOF was not detected in the permeate even after four cycles of filtration
and desorption experiments and more than 90% of the NMOM adsorption capacity was retained.
The excellent filtration performance and re-generability of the membrane coupled with the hydro-
stability of the MOFs suggests that the NMOMSs have potential for water treatment through the

process of membrane adsorption.
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With the steady rise in global population and the need for continuous industrialization, pollution and
contamination have been in the forefront, compromising the essentials of life such as clean water. Water
contamination is a growing cause for deteriorating public health as more attention is being focused upon
anthropogenic sources of contamination. Developing countries suffer the most with death rates of
approximately 6 children per minute as a result of unsafe water and sanitation.l Among these
contaminants, heavy metals have shown their omnipresence with relatively severe negative health
impacts. These heavy metals have been a challenge for the water treatment industry for decades because
they cannot be degraded by natural biological mechanisms. As such, solid phase sorbents have been
developed for industrial applications to treat contaminated water. Metal oxide and nanoparticles have
been developed and used for the adsorptive removal of heavy metals, among others including silver,?
mercury,? arsenic,* and copper. The challenges researchers face by using these types of sorbent materials
include their low adsorptive capacities, mostly due to low surface area and even the possibility of
degradation during the treatment process. Porous mixed-matrix membranes (PMM) have also been
developed as filters for heavy metal sequestration. Issues such as large pore size distribution, low
rejection, low flux and in some cases, high pressure have always been dominant concerning which have

rendered the process cost inefficient.

A new class of material, consisting of a central metal ion or cluster and an organic linker known as
metal-organic frameworks (MOFs), is gaining immense attention and has emerged as a superior solution
for the porous material industry. These materials use the combined effects of their organic and inorganic
moieties to attain extraordinary porosity for a crystal, tunable pore sizes, high surface area to mass ratios
(>6000 m? g"),® even surface area >7000 m? g~ (NU-109E and NU-110E reporting up to 7140 m? g !),%
and possess chemical and structural stability.”® These porous materials are very visible in the research

of gaseous systems but due to their instability in aqueous medium, a very limited number of MOFs have
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been used in water treatment trials. This has triggered further research into developing more chemically,
and more importantly, water stable MOFs with the invention of a wide range of water stable MOFs in
recent years.”® Among these that have been developed, the common path is through the high valence
Zr**and Fe®**metal ions. These contain zirconium metal ion clusters and some iron metal ions and their
derivatives. They have either been used as sorbent crystals for adsorption of heavy metals,° or as fillers
for mixed matrix membranes and as a coated film on ceramic membranes for desalination.!'*2 Some
researchers have proposed the use of MOFs as fillers in electrospun nanofibers but in most cases, for
gaseous systems.!® Compared to the conventional method of preparing mixed matrix membranes,
electrospinning is a very low cost and simple technique employed in preparing membranes that have
relatively high fluxes, porosity and mechanical strength. This process requires very little polymer and

little post treatment of membrane, thus making this a more environmentally friendly technique.

The organic moiety of the MOF and the electrospun polymer are usually compatible, making it possible
for the MOF crystals to be distributed evenly at high loading rates with less aggregation. MOF—
nanofibrous membranes have been used in air pollution controls.!® Hydrogen storage and in other
gaseous related works however there is no available literature in the adsorption or rejection of heavy

metals from aqueous solution.

Though MOFs have been incorporated into nanofibers before,1*1° herein, we report for the first time, a
nanofibrous MOF membrane (NMOM) for heavy metal sequestration from an aqueous medium. Two
highly water stable MOFs were selected and enmeshed into two polymers, hydrophilic polyacrylonitrile
(PAN) and hydrophobic polyvinylidene fluoride (PVVDF), for the study involving two heavy metals ions,

lead and mercury.

The two MOFs selected for this study were MOF 808, a zirconium based MOF

[Zrs04(OH)4(COOH)s(BTC)2] that has an overall diamond-like shape with the Zre cluster in the
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secondary building unit (SBU) being coordinated with six benzene tricarboxylate (BTC) with resulting
pore dimensions ranging from 4.8 to 18 A ¢ and BET surface areas of 560 m? g~'. The strength of the
Zr—0O (metal-linker) bond in zirconium-based MOFs has made them very resistant to hydrolysis. Hence,
these are suitable for water related applications and particularly for chemical weapon agents hydrolysis.!’
MOF-F300 has iron as a central metal but very little about its structure is known or has been released in
the literature. This is due to its poor crystallinity. Some researchers have referred to this as an amorphous
structure. It has a BET surface area ranging from 1300-1600 m? g~! with a pore aperture of 21 A. F300
is comparable to Material of Institute Lavoisier (MIL100-Fe) [FesOF—(H20)2(BTC).-nH20] in that these
both have the same central metal ion (Fe), same linkers (BTC), approximately the same pore size, and

iron and carbon mass contents.'8

PAN and PVDF are well known water stable polymers that have been developed and characterized for
water related applications. Their hydrothermal, chemical and mechanical properties have placed them

among the most suitable polymers for temperature and pressure driven separation processes.

Here, we performed a systematic study of the heavy metal interaction with the MOF alone, with the
nanofiber membrane and with the MOF/nanofibrous substrates. It could be deduced that the heavy metals
adsorption mechanism involved competitive ion exchange (CIE), electrostatic interactions with the MOF

crystals or polymer, and binding to open metal sites on the MOF (pore filling mechanism) (Fig. 3-1).
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Figure 3-1. MOF 808 demonstration of heavy metal adsorption by electrostatic interaction at the surface and pore space
caused by a change in pH. (a) MOF 808, (b) deprotonated MOF 808, and (c) heavy metal ion bound MOF. Color code: Zr =
grey, C = ash, O = red, H =white, M?* refers to heavy metal ions, black dots represent adsorbed M?*,

The polymer concentrations, MOF loadings, and electrospinning parameters were all optimized to
produce bead free nanofiber mats and to minimize particle aggregation. MOF loadings of up to 20 wt.
% were achieved with little aggregation while PAN and PVDF concentrations were 10 wt. % and 20
w/v%, respectively, producing nanofibers with diameters ranging from 100-400 nm (Fig. 3-2). The
PXRD spectra of the pristine MOFs, after heavy metal adsorption and when immersed in water, revealed
that MOF 808 maintains its crystalline form even after long term exposures, while F300 showed

amorphous characteristics before and after adsorption (Fig. Al and A2 in Appendix A). Transmission
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electron microscopy (TEM) images of the MOFs revealed a more rhombic morphology for MOF 808

and a F300 with a rounded edge (Fig. 3-2 and A3—A5 in Appendix A).

PVDF

Figure 3-2. Chemical structure of the main polymers: (a) PAN and PVDF; (b) TEM images of the MOFs: F300 and MOF
808; and (c) SEM images of the NMOM with 20 wt. % MOF loading: PA 300 and PA 808.

Thermogravimetric analysis (TGA) curves of the MOFs particles and the NMOM (Fig. A6 in Appendix
A) reveal that the composites are much more stable at higher temperatures than the MOFs alone. The
neat PVDF nanofibers where very stable at temperatures below 400 °C, while the neat PAN was stable
at temperatures below 270 °C, at which temperature, 40% of the weight was lost with a complete
degradation taking place beyond 300 °C. The MOF 808 crystals lost 60 wt. % weight at about 330 °C.
This massive drop in weight is as a result of the loss of coordinated solvent trapped in the pores. MOF
F300 also showed a similar trend, though a lower 25 wt. % loss at 100 °C, due to trapped moisture, with

another 40 wt. % loss at approximately 330 °C. The initial weight losses were mainly due to loss of
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coordinated solvent and moisture, followed by decomposition of the ligand. Further analysis of the
nanofibrous MOF composite revealed that though there was an initial 6-10 wt. % weight loss due to
solvent escaping from the MOF, the bulk of the material for both polymers was stable at temperatures

up to 300 °C.

Given the porosity of both MOFs and the nanofibers mat, sorption for heavy metals ions (Pb and Hg)
were investigated. The MOF powder, as well as pieces of the neat nanofiber mats and pieces of the
NMOM were added to specific volumes of 10 ppm heavy metal ion solution for a contact time of 3 h to
determine the reaction kinetics. The data was analyzed using the pseudo first and second order and the
intra-particle diffusion models. By varying the metal ion concentration (10-900 ppm), the various
isotherms were established and fitted using the Langmuir,'® Freundlich,® and Temkin?' models as

denoted respectively by their linearized egn (3-1)—(3-3).

L + ! B3-1)
de dm am Kl Ce

1
Ing, = InKy + ElnCe (3-2)
q. = BlnA; + BInC, 3-3)

where ge is the equilibrium sorption capacity, qm is the maximum sorption capacity of the sorbent
(saturation point), Ce is the concentration of heavy metal ion in solution at equilibrium [mg L™'] and K;
is the Langmuir adsorption constant [L mg™'], K¢ = Freundlich isotherm constant [mg g~'(L mg )*"], n
= adsorption intensity, Ar = Temkin isotherm equilibrium binding constant [L g~'], Br = Temkin isotherm
constant [J mol~'], B = RT/br, constant related to the heat of sorption, T = temperature at 298 K, R =

universal gas constant [8.314 J mol™! K™'].
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Changes in the pH had a tremendous impact on the adsorption of the heavy metals. A systematic study
of the pH variation as demonstrated (Fig. A7 in Appendix A), revealed that for both Hg?* and Pb?*,
removal per cents of up to 98% were achieved at a pH > 10. Since heavy metal ions typically precipitate
at pH > 5, it is difficult to distinguish the removal mechanism at pH > 5 (either by MOF or precipitation).
To understand the prevailing adsorption principle, and be certain that precipitation is negligible, this
article only presents data at pH < 5. To further understand MOF-heavy metal interaction, the zeta
potential of the MOFs was measured at the varied pH value. As shown in Fig. 3-3, the surface charge
for both MOFs became more negative as the pH increased, enhancing electrostatic interactions which
accounted for the higher adsorption. At low pH, deprotonation of the COOH group is minimal, but as
pH increases, excess OH™ trigger faster deprotonation leading to COO™. Hence, resulting in a negative
surface charge. MOF 808 was deprotonated more than F300, which accounted for its higher negative
surface charge (—36 mV) at high pH. The PAN and PVDF showed very little adsorption of the heavy
metals due to their low negative surface charge (—10 and —15 mV, respectively). It is thus concluded,
from this standpoint, that the mechanism of adsorption between MOF-nanofiber—heavy metals is due to

electrostatic attraction of unlike charges.
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Figure 3-3. Zeta potential vs. pH of the MOFs. The pH of the solution was maintained under buffer conditions for each
measurement.

Since the nanofiber mat average pore size (~0.5 um) by far surpasses the atomic diameter of both Hg
and Pb ions (3.0 x 10~* and 3.6 x 10~* um, respectively), rejection due to size exclusion would not play
a very significant role in the removal process when compared to electrostatic interactions and

confinement of heavy metals ions in the pores of the MOF.

The XPS spectra of the pristine MOF, compared to the MOF after adsorption experiments, (Fig. A8 in
Appendix A) revealed that the heavy metal ions were electrostatically attached to the internal functional
groups of the MOF since no heavy metal peaks were seen on the spectrum. This was also confirmed
from EDX analysis (Fig. A9 in Appendix A) of the NMOM surface after the filtration test. The elemental
map could not detect any heavy metal on the surface, implying internal pore adsorption occurred. A
plausible mechanism for heavy metal adsorption (Fig. 3-1), is that the negative MOF surface is just a
tool for attracting the positively charged cations to itself. Since the pore has a stronger net negative

charge due to the sea of COO™ groups surrounding it, the cation will then be ‘sucked’ into the pores for

61


http://pubs.rsc.org.proxy.bib.uottawa.ca/en/content/articlehtml/2018/ta/c7ta10428f#imgfig1

‘storage’ rather than be attached to the external surface of the MOF. This theory was further validated
by FTIR absorbance spectra of the MOFs (Fig. A10 in Appendix A), in which any possible Hg—O nor
Pb—O bonds were not found. It is therefore worth mentioning that, the positive heavy metal ions were
attracted into the pores because, inside the pore cavity, the combined negative charge effect of COO~
was stronger than the floating sporadic COO™ on the MOF surface. Because of this strong electrostatic

drag, sorption was effected more in the pores.

Drastic reductions in pH during the sorption experiments were experienced implying ion exchange was
occurring simultaneously. The pH of the solution decreased continuously with time indicating that, the
heavy metal ions have been exchanged with H* ions and have released these to the bulk, thus decreasing
the pH. At low pH, the adsorption of heavy metal ion was lower than when compared at higher pH values
(Fig. A11 in Appendix A). Using the concept of higher zeta potential at higher pH (Fig. 3-3), there is
also less competition for attraction at the pores. At high pH (excess OH"), positive heavy metal ions bind
easily to the MOF of which, at high H* concentration (low pH), a competitive adsorption process occurs
and protons easily attach to the free COO™, changing the zeta potential towards positive. Hence, the
adsorption reduces.?? It is for this reason that the pH of the adsorption process was adjusted to be
maintained at a specific level. When the pH is not adjusted, as the heavy metal ions are adsorbed and
protons are released, a reverse inhibition sets in due to accumulated protons in the system (Fig. A12 in
Appendix A). These protons trigger a competitive inhibition mechanism and the adsorption capacity
starts reducing because of reduced adsorption sites. This will reduce until protons are exhausted and then
heavy metal adsorption kicks in, turning the process into a loop-like mechanism which results in the hill
and valley nature of the curve. Determining the maximum adsorption capacity of the adsorbent under

these conditions would have been difficult, and therefore there was a need to maintain a constant pH.
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The rate of adsorption of heavy metal ions was analyzed using adsorption kinetic models. The kinetic
data (Table Al and Fig. A13 and Al4 in Appendix A) demonstrate that the adsorption of both Pb and
Hg for both MOFs was fast with equilibrium attained after 1 h. This fast adsorption is attributed to the
high negative zeta potential of both MOFs at the studied pH of 4.6 with MOF 808 showing a higher
capacity than F300. Further analysis of the data using the pseudo-first, pseudo-second and intra-particle
models was performed. It must be noted that, the kinetic experiment of the nanofiber membranes was
too slow within the period for generating the data, and thus, this could not be presented in this report.

The results showed that both MOFs followed pseudo-second order kinetics (R? > 0.98).

Fig. 3-4 shows the adsorption behavior of Pb?* and Hg?* ions into the different MOFs and the NMOM.
Three isotherm models were used to analyze the adsorption behavior; Langmuir, Freundlich and Temkin
as stated by their linear forms [egn (3-1)—(3-3)] and the results are presented in Fig. A13 and Al4 in

Appendix A
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data for NMOM and Pb ions at a pH of 4.6 £ 0.2.

For all data, the Langmuir model was followed, with the highest R? value denoting a homogeneous
adsorption, and the maximum adsorption capacities calculated were as follows: 170.74, 276.96, 148.13,
and 229.66 mg g~ for the MOF 808 Pb, MOF 808-Hg, F300-Pb, and F300-Hg, respectively (Table 3-
1). The adsorption capacity of the nanofiber (NF) and NMOM were also studied and it was revealed that
the hydrophilicity and hydrophobicity of the polymers had significant effects. Though PVDF nanofibers
have a higher surface area than PAN nanofiber because of the smaller fiber diameter, it is hydrophobic
with a contact angle >138°. This posed a greater resistance to the contact between the NF and the

solution. Since the MOFs crystals are lying on the surface of NF, this accounted for the low adsorption
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performance of the PVDF-NMOM. PAN nanofiber mat showed a much smaller contact angle which

facilitates contact with aqueous solution and hence, the higher adsorption capacities were achieved.

Table 3-1. Selected physical and sorption data for the MOFs and NMOM?

Sorbent  Composition z potential [mV] Hg Omax Mg @Y Pb Qmax Mg g gmax Hg Omax Pb
F300 [FesOF(H20)2(BTC)nH0] 30 229,66 148.13

MOF 808 [Zrs04(OH)«(CO;H)s(BTC)s] 36 276.96 170.74

PAN ~[CsHsN], 10 28.76 15.09

PA300  —[CsHsN]» /F300 — 53.09 30.19 265.45 150.95
PA808  —[CsH:N], /MOF 808 — 50.88 23.98 254.4 119.9
PVDF  —[CoH:F], 18 28.64 13.62

PV300  —[C.H.F2]s /F300 — — —

PV808  —[CoHoF], /MOF 808 — 42.60 17.19 213 85.95

a qmax* represents the normalized adsorption capacity of the MOF with respect to its weight ratio to the polymer. In this case,

the weight of the MOF was maintained at 20 wt. %.

Since the NMOM showed improved adsorption capacity compared to the NF and taking into the account
the fast kinetics of the heavy metal adsorption process, the NMOMSs have high potential for use in water
purification systems. It is interesting to note that although MOF 808 showed higher adsorption capacity
than F300 as standalone, in the enmeshed form, F300 membranes performed better than MOF 808
membranes. For example, note the Pb adsorption (q°**®max (30.193) > q™8%,.« (23.977)). This implied

that a larger quantity of F300 was available for adsorption in the membrane than MOF 808. It was further
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determined (egn (3-3), Tables A3-A7 in Appendix A) from the adsorption data that for PA 808, only

65.56% of the MOF was available for adsorption while 77.69% for PA 300.

Our results could be attributed to the size of the MOF particles. MOF 808 had smaller particle sizes
ranging from 100—-700 nm while F300 had a single crystal of up to 900 nm with also large aggregates as
measured using SEM/TEM and dynamic light scattering (DLS). It was easier for M808 to be ‘engulfed’

in the nanofiber than F300. Hence, a lesser region of the particle was exposed to the bulk for adsorption.

These results are in line with what Wu et al. has obtained.?® Although they worked with a gas phase
process, the MOFs accessibility was significantly reduced when enmeshed in the nanofiber mat
especially for the PVDF composites. That notwithstanding, Ostermann et al.'s report says that the MOFs
are fully accessible even after being enmeshed in nanofiber** which was more the case with the PAN
composites. The adsorption capacity, source of metal ion, pH, and time to adsorption equilibrium of Pb
and Hg with other MOFs and membranes has also been presented in Table A8 in Appendix A for
comparison purposes. This data basically indicates that the present MOF—polymer combination is a

better sorbent.

As mentioned earlier, due to the hydrophobicity of PVDF nanofiber, the adsorption capacity of PVDF
based NMOM was low. Hence the PAN based NMOM was selected for a filtration test of Pb?* ion
solution together with the neat PAN nanofiber as the control. A batch system was used to perform the
filtration experiment with a feed concentration of ca. 100 ppb at room temperature. The transmembrane
pressure was provided from a N2 cylinder and controlled at 6.0 psig (0.4 barg). It should be noted that a
thin PVDF layer (no MOF included) had to be attached to the bottom of the tested PAN based membranes
due to the very high flux experienced (>2000 L m~2 h™!) by the membrane without PVVDF support. It was
only in this way that the filtration experiment was possible with measurable fluxes at a reasonable

transmembrane pressure. The combined thickness of the membrane was 560 + 15 um and the effective
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surface area was 3.8 x 10> m2. The breakthrough curves for the passage of heavy metal ion through PA
300 and PA 808 are represented together with the neat PA membrane in Fig. 3-5. The PA 300 membrane
could remove Pb?* ions completely from the solution until 395 mL of permeate was collected at a flux
of 348 + 25.8 L m 2 h™! and a permeance of 870 L m~2 h~! bar™!, while the PA808 membrane could treat
295 mL of contaminated water. This difference in performance aligns with the NMOM adsorption results

where F300 performed better than M808.
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Figure 3-5. Breakthrough curve for the passage of Pb ion through PA 300 and PA 808 at a fixed pressure of 6.0 psig and
room temperature. The actual feed concentration was 98.2 ppb.

The adsorption capacity of PA 808 and PA 300 at 10% breakthrough was estimated to be 228.4 and 360

mg Pb g~! membrane, respectively. The collected permeate from both the PA 300 and PA 808 filtration

was also tested for MOF leakage. The concentrations of Fe and Zr were measured at the parts per trillion
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(ppt) levels and neither Fe nor Zr ions were detected in the blank, feed and permeate solution, which

confirms no leakage of MOF from nanofibers membrane into the solution.

For economical operation, the re-use of the membrane is necessary. Four cycles of adsorption and
desorption experiments were conducted as shown in Fig. 3-6. The breakthrough curves indicate that after
a 4-cycle adsorption—desorption—washing, the capacity of the membrane at 10% breakthrough was still
maintained at the same level as the original membrane. Hence, it is evident that the filtration process can
be executed for four successful cycles while maintaining the satisfying permeate quality. The adsorption
capacity of the membrane could be enhanced to treat higher heavy metal concentrations by stacking the

films.

Desorption/washing

outlet Pb concentration (ppb)

0 200 400 600 800 1000 1200 1400 1600 1800
Permeate volume (mL)

Figure 3-6. Adsorption and desorption filtration data for up to 4 runs for the passage of Pb ions. Desorption was initiated
whenever the permeate concentration surpassed the 10-ppb maximum allowable concentration for drinking water. The feed
column was re-filled continuously as the runs proceeded. A single run was determined when the permeate concentration
exceeded the maximum allowable concentration for drinking water.

In summary, we have developed a novel nanofibrous MOF membrane for efficient water purification.

Our membrane filtration module could remove Pb (11) ions from solution with a moderate permeance of
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248.57 L m 2 h ™! bar! for a membrane thickness of 560 um. The purity of the permeate met the drinking
water standards for the heavy metal studied. The highly negative surface charge of the MOFs facilitated
the sequestration of the heavy metals. Since it was proven that not all of the MOF crystals were available
for adsorption due to pore blockage and shadowing by the polymer, stacking of membranes could be
used to improve the filtration in cases of higher feed concentrations. It is thus evident that, our MOF
nanofibrous membrane can be integrated into existing wastewater treatment schemes or be used as a

standalone filter for water purification.

3.1 Experimental section

Detailed experimental methods including synthesis MOF 808, batch adsorption—desorption experiments,

filtration experiment and instrumentations are presented in the Appendix A-Supporting Information
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Abstract

Electrospun nanofiber composite membranes containing water-stable metal-organic frameworks
(MOFs) particles (Zr-based MOF-808) supported on polyacrylonitrile (PAN) nanofiber synthesized via
co-electrospinning have been prepared. MOF particles were dispersed in the organic polymer, and their
subsequent presence was inferred by scanning electron microscopy. Membrane performance in heavy
metal ion adsorption in batch filtration was evaluated on the basis of Cd?* and Zn?* ions sequestration.
The adsorption capacities of the pristine MOF and the MOF composite membrane revealed that MOF
particles in the membrane could be accessed for adsorption in the hydrophilic PAN membranes. The
maximum adsorption capacities were 225.05 and 287.06 mg g for Cd?* and Zn?*, respectively.
Conventional thermal activation of pristine MOF and composite membrane revealed a crystal
downsizing, while “hydractivation” (activation through water), produced an expanded MOF with
enhanced adsorption potentials. The PAN/MOF-808 “hydractivated” composite membrane could treat
580 mL of Cd, whereas the conventional vacuum-activated composite treated 464 mL. The high
separation performance and reusability of the membranes and the outstanding water stability of the

MOFs suggested the developed membrane as a potential candidate for water treatment.
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4.1 Introduction

Adsorption has been regarded as an easy and facile technique for removal of contaminants from
contaminated streams.(1) This process is made feasible because of the porous nature of the adsorbents
and the pore geometry of the materials. The underlying adsorption mechanism has always been up for
debate, but research has shown that the surface to mass ratio of the adsorbent is a key factor in retaining
contaminants. Metal-organic frameworks (MOFs), a new generation of materials comprising of metal
ions/clusters linked by organic moieties, have been proven to possess the highest achievable surface to
mass ratio of any material with tunable pore geometry and chemical stability.(2) It is for such reasons
that MOFs have been present in a diverse range of applications including and more prevalent in gas
storage/capture,(3,4) metal ion sensing,(5-7) separation, drug delivery,(8,9) catalysis,(10,11) sensors,(12,13)
and even in aqueous medium sequestration of heavy metal ions.(14-17) Heavy metals are known for their
indigestive behavior as they easily accumulate in the human body causing serious illnesses ranging from
liver damage to kidney failure. It is for this reason that the World Health Organization has set specific

guidelines regarding the water quality components, including heavy metals ions.(18)

The direct use of MOFs for heavy metal removal has been limited to laboratory scale experiments
because the particles would be required in large amounts for practical applications. As such,
immobilization of the particles on a substrate will broaden its application. MOFs have been grown in
situ on ceramic membranes for desalination,(19,20) used as pore forming additives for ultrafiltration
membranes,(21) incorporated into nanofibers for gas adsorption,(22—24) fabricated into hollow tubes to

trap both air and liquid contaminants,(25) and used as fillers for mixed matrix membranes.(26,27)

MOFs as fillers in electrospun nanofibers have shown that almost all of the particles are still available
for adsorption as compared to MOFs in flat sheet membranes and coatings on ceramics, with the

exceptions of thin-film coatings.(28) Electrospinning is a facile technique to fabricate nanofibers through
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polymer fiberization resulting in a highly porous, nonwoven interconnected mesh.(29) Furthermore, it is
noted that metal oxides and their nanocomposites have been electrospun into fibers for metal ion removal
purposes.(30-34) Since the polymers used are usually organic, it makes compatibility with MOF particles
easy, thereby allowing for nanofibers to act as a potential substrate for nanofibrous MOF membranes
(NMOMs).(35,36) With the omnipresence of membrane technology in the water and wastewater industry,
a straightforward practical approach is imperative to help mitigate the water scarcity crisis through
treatment of used or contaminated water. With the advantages provided by porosity and surface area by
both nanofiber and MOF particles, including a relatively economical fabrication technique and high
chemical and thermal resistances, MOF crystals were integrated as fillers in nanofiber membranes
through co-electrospinning to produce nanofibrous MOF membranes (NMOMs) for rapid and efficient

removal of cadmium and zinc ions under room temperature.

The process of activation of mesoporous crystals has been extensively studied in gas separation, but
nothing has been reported in the literature for the treatment of aqueous solutions. After MOF synthesis,
solvent is usually entrapped in the void spaces of the crystals, which, in most cases, must be removed
through a suitable activation route. Activated crystals gain more void spaces for foreign material capture
due to enhanced porosity, but not all activated crystals have seen this benefit. Engel et al.(37) prepared
soft MOF and used different activation routes and noticed a drop in CO2 adsorption of the activated
sample caused by structure shrinkage. The common activation route is conventional heating under
atmospheric conditions where the prepared MOF crystals are heated above the boiling point of the
solvent used.(38,39) For solvents with high boiling points, a vacuum is employed to reduce the boiling
temperature, or the high boiling point solvent is exchanged with a low boiling point solvent, and, as such,
the evaporation process is done at reduced temperatures. This mitigates any possible crystal structure

distortion that could result from high heating.(40) Similarly, other activation methods like supercritical
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CO2 drying,(41) freeze drying,(42) multiple-coordination exchanges,(43) and photothermal activation(44)

are known to enhance MOF performance.

Herein, we present a Zr-based MOF-808 [ZrsOs(OH)4(COOH)(BTC)2] and its composite
polyacrylonitrile (PAN) membrane fabricated via electrospinning based upon our previous research.(45)
To enhance contact between the aqueous phase and substrate, PAN nanofibers were selected because of
their intrinsic hydrophilicity. The composite membrane containing 20 wt. % MOF particles was
subjected to a systematic study on the removal efficiencies for Cd and Zn ions from aqueous media using
standalone MOF crystals and NMOM. Various activation routes, including hydractivation (Scheme 4-1),
were tested to show the potentials of this simplistic method. Kinetic and isotherm analysis of the MOFs
and NMOM were made at room temperature and pH 4.6, followed by a batch filtration experiment to

determine the flux.

Deactivated MOF-808

Scheme 4-1. Hydractivation of 1 Showing Pore Expansion Route with Water after Vacuum Drying and Hydractivation of
Pore Shrinkage Route with Acetone after Vacuum Drying
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4.2 Materials and Methods
4.2.1 Materials

All chemicals were of analytical grade >99% purity. Dimethylformamide (DMF) and acetone from
Sigma-Aldrich Inc., formic acid from Alfa Aesar, and ZrCls from Strem Chemical Inc. were all used as

received without further purification.

The crystals were synthesized following a facile microwave procedure,(1) typically with a reaction
involving 0.699 g of ZrCls and HsBTC (0.210 g) dissolved in a mixture of DMF/formic acid (45/45 mL)
in a 200 mL boiling flask. The flask was irradiated at 400 W for 30 min in a microwave oven. The
resulting suspension was centrifuged, followed by washing with DMF (10 mL x 3), then dried at 70 °C
for 12 h. Solvent exchange with acetone and water was also done by washing (10 mL x 3), followed by

vacuum drying at 100 °C.
4.2.2 Preparation of Spinning Dope for Nanofibrous Membranes and NMOM

PAN solution: 0.5 g of PAN (My = 150 kDa) was added to 5 g of DMF, and the mixture was placed in

a shaker (180 rpm) for 24 h at 50 °C to form a homogenous 10 wt. % solution.

Poly (vinylidene difluoride) (PVDF) solution: 1.0 g of PVDF pellets was added to 5 mL of DMF, and

the mixture stirred overnight to form a 20 w/v homogeneous solution.

Preparation of MOF/polymer dope solution: 0.1 g of MOF was first primed in 3 g of DMF and then 0.5
g of PAN was mixed to the remainder of 2 g solvent, separately. Then, both were combined to form a

suspension with 20 wt. % MOF loading with respect to polymer weight.
4.2.3 Preparation of Nanofibrous Membrane without MOF Loading

A 10 mL syringe was filled with the 10 wt. % PAN/DMF solution that is electrospun on an aluminum

foil at a syringe feed rate of 0.15 mm min and a voltage of 15 kV. The distance between the end of the
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syringe needle to the rotating drum wrapped with an aluminum foil and rotating at 140 rpm, was 15 cm.
The temperature and humidity were maintained at 25 °C and 40%, respectively. The collected unwoven
fibers were dried at room temperature and used for further characterization. The 20 w/v PVDF/DMF

solution was electrospun at a voltage of 18 kV.
4.2.4 Preparation of Nanofibrous Membrane with MOF Loading

The spinning condition is the same as that of PAN/DMF solution without MOF except for the syringe
feed rate of 0.11 mm min?. The nanofibrous PAN/MOF-808 membrane was placed on top of

nanofibrous PVDF membrane to prepare the multilayer membrane for filtration experiments.
4.2.5 Batch Adsorption-Desorption Experiments

Cadmium and zinc ion solutions were prepared by dissolving cadmium chloride and zinc chloride in
distilled water with further dilution to the desired concentrations. The heavy metal concentrations were
measured using flame atomic absorption spectroscopy (FAAS). The amount of heavy metal adsorbed

was obtained from the difference in concentrations between before and after adsorption by eqtn. 4-1.

The amount of heavy metal ions adsorbed per unit mass of adsorbent, g (mg g™2), is given by 4-1 below

__ (Co-Ce)Vv
- m

(1)

where m (g) is the mass of adsorbent, V (L) is the volume of the solution, Co and Ce are the heavy metal

ion concentration before and after adsorption (mg L ™), respectively.

Adsorption kinetics experiments were performed to determine the rate of adsorption and the time for the
MOF to reach the adsorption equilibrium. MOF-808 (1, 20 mg) on nanofibrous membrane was loaded

in 30 mL of solution with initial cadmium or zinc ion concentration of 20 ppm. The solution was agitated
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slowly at room temperature for 3 h, and solution samples were collected at predetermined time intervals

for analysis.

The adsorption isotherms of the MOF were established using the same mass of the MOF-808 and

nanofibrous membrane as above but with various initial concentrations of the heavy metal ions.

Since heavy metals precipitate at pH > 5, all experiments were conducted below pH 5, i.e., pH was

adjusted to 4.6 + 0.2 using 0.1 M HCl or 0.1 M NaOH.

Desorption solution of 2 wt. % nitric acid was used to alter the pH and the surface charge to ease
desorption of bound heavy metal ions. After the adsorption process, the membrane was immersed into

30 mL of desorption solution and kept under mild agitation for 1 h at room temperature.

For the adsorption isotherm and kinetic study, the following equations were used. Isotherm equations

(Langmuir, Freundlich, and Temkin)

1 = 1 + 1 4-2)
qe dm dm Kl Ce

1
Ing, = InKy + ElnCe (4-3)
qe. = BInA; + BInC, 4-4)

RT
where B = —
bt

Kinetic equations (pseudo-first order, pseudo-second order, and intraparticle)

k1
log(q. — q¢) = logq, — t (4—5)

2.303

— =+t (4—6)

qe = kigt /2 (4-7)
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where Qe is the equilibrium sorption capacity (mg g2), gm is the maximum sorption capacity of the
sorbent (saturation point) (mg g1), Ce is the concentration of heavy metal ion in solution at equilibrium
(mg LY), Ky is the Langmuir adsorption constant (L mg™2), K is the Freundlich isotherm constant (mg
g (L mg™H)¥M, n is the adsorption intensity, At is the Temkin isotherm equilibrium binding constant (L
g 1), bris the Temkin isotherm constant (J mol™?), B is the constant related to the heat of sorption, T is
the temperature at 298 (K), R is the universal gas constant (8.314 J mol* K1), t is time (min), ki (min-
1 and k2 (mg gt mint) are the first- and second-order rate constants, respectively, kiq is the intraparticle
diffusion rate constant (mg g* mint), and q; is the amount of heavy metal ion (mg g*) adsorbed at time

t.
4.2.6 Batch Adsorption Experiment for Selectivity Testing

Since single-component ion systems are usually not common, the efficiency of the composite membrane
IS worth testing in multi-ion systems to determine the selectivity of the adsorbent. Some of the most
common ions present in water were selected for this test including both divalent (Ca?* and Mg?*) and
monovalent (Na*) cations. A cocktail of the solution contained the co-existing ions in abundance relative
to the heavy metal ion Cd?*. A cocktail solution of 30 mL was mixed with 50-60 mg of the composite

membranes (1a—c) for 2 h and then tested for the adsorbed Cd?*.
4.2.7 Filtration Experiment

A dead-end cell with 300 mL capacity (re-fillable) was used for the filtration experiments. The filtration
system was automated using LabVIEW, where fluxes, temperatures, mass flow rate, pressure,
permeability (thickness normalized flux), and permeance (pressure normalized flux), were monitored
real time, as shown in Figure B1 (see the Appendix B). A circular membrane (multilayer) coupon with an
effective area of 3.8 x 102 m? was placed at the bottom of the feed chamber, and an O-ring was applied

to seal the setup and to prevent the leak. Solution containing 30 ppb of cadmium or zinc ion was driven
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through the membrane at room temperature and at a pressure of 0.4 bar supplied from a nitrogen cylinder.
The permeate was collected at specific time intervals and analyzed to determine the membrane
performance. For reuse tests, the cell was filled with desorption solution (2 wt. % nitric acid) and flushed
at a flux of 250 L m~2 h'L. The regenerated membrane was then washed with deionized (DI) water to
remove residual desorption solution. The cycle was repeated four times consecutively to determine
membrane reusability. The term “recovery” is defined as the amount of permeate collected before the
permeate concentration reached 3 ppm at the nth cycle/the amount of permeate collected before the

permeate concentration reached 3 ppm in the first cycle.
4.2.8 Characterization of MOF and Nanofibrous Membranes

Powered X-ray diffraction (PXRD) analysis was carried out at room temperature on a Rigaku Ultima IV
powder diffractometer in Bragg—Brentano geometry using Cu Ka radiation (A = 1.5418 A). A step width
of 0.02° and scan speed of 2° min~! covered 20 range of 2-32°. The simulated PXRD patterns were
calculated over a range of 20 between 2 and 32° in 0.02° step width using the Mercury software (CSD
3.8, build RC2, Cambridge Crystallographic Data Centre, Cambridge, U.K., 2016). Transmission
electron microscopy (TEM) was carried out to investigate MOF crystal shape and size using a FEI Tecnai
F20 apparatus equipped with an Oxford Aztec 80 mm SDD detector. A suspension of the samples
prepared in deionized water was dropped on copper grids and analyzed at 300 kV. In the case of
nanofibrous membranes, short single fibers were harvested for TEM-energy-dispersive spectrometry
(EDS) analysis as follows. A piece of the PAN and PAN/MOF-808 nanofibrous membranes was crushed
in liquid N2 for 5 min. The powder was then suspended in ethanol and sonicated for 10 min. Two drops

of the supernatant were dropped on the TEM grid for analysis.

Scanning electron microscopy (SEM) images were taken using a Tescan, Vega-11 XMU equipped with

a 250X EDS, Oxford Inca Energy apparatus. Samples were affixed onto the holder by means of a
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conductive adhesive and then gold-coated under vacuum using Anatech Hummer V11 equipment. Images

were taken at suitable resolutions.

Thermogravimetric analysis (TGA, TA Instruments, model Q5000 IR TGA) was used to analyze the
thermal stability of the MOF with conventional vacuum drying, exchanged with acetone, then vacuum
dried and exchanged with water and again vacuum dried (see Table 4-1), with a heating rate of 10 °C min~

! under nitrogen atmosphere.

Table 4-1.Different Phases of 1 and the Details of the Post-treatment Methods

material code details

1 as-synthesized MOF-808 with oven drying at 70 °C

1A MOF-808 with conventional vacuum drying at 100 °C

1B MOF-808 exchanged with acetone then vacuum dried at 100 °C

1C MOF-808 exchanged with water then vacuum dried at 100 °C

la PAN/MOF-808 nanofiber membrane conventional vacuum dried at 100 °C

1b PAN/MOF-808 nanofiber membrane exchanged with acetone, then vacuum dried
at 100 °C

1c PAN/MOF-808 nanofiber membrane exchanged with water, then vacuum dried at
100 °C
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The surface area and pore volume of the synthesized and activated MOF samples were determined by
the Brunauer—Emmett-Teller (BET) method using nitrogen at 77 K with Micromeritics 3FLEX
volumetric equipment. Before the nitrogen adsorption measurements, the samples were degassed under
a purge flow of nitrogen at a flow rate of 40 cm® min-t and 90 °C for 1 h. The data in the relative pressure

(P/Po) range 0.05-0.2 were used to calculate the specific surface area using the BET formula.

The glass transition temperature (Tq) of ENMs was measured using a TA Instruments differential
scanning calorimeter (DSC) Q2000 V24.11 Build 124. A ~5 mg nanofibrous membrane sample was put
into a Tzero Aluminum Hermetic pan, annealed at 150 °C for 10 min, then quenched to 25 °C, and then
maintained isothermal at 25 °C for 10 min. Tg measurements were done by heating the samples to 150

°C at arate of 5 °C min L.

The mechanical properties of the nanofibrous membranes were determined according to the standard
method ASTM D 882 using an ElectroPuls Instron E3000 machine at 25 °C at a constant crosshead
speed of 5 mm mint. Membrane samples of thickness 60-90 um, 10 mm width, and 20 mm length were
used. The samples were carefully selected to avoid the inhomogeneous edges, and the selected tensile
stress—strain curves were obtained for the samples with final rupture of at least 2 mm from the edge of

the clamps.
4.3 Results and Discussion
4.3.1 Synthesis of MOF-808

MOF-808 [ZrsO4(OH)4(COOH)s(BTC).] was synthesized according to a protocol reported
elsewhere.(46) The reaction for the synthesis of MOF-808 controlled by the concentration of ZrCls and
the high irradiation power provided by the microwave oven lead to fast nucleation with the production

of white crystal. The as-synthesized crystals were oven dried at 70 °C for 12 h to serve as initial sorbent
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referred to as 1 (See Table 4-1). Figure 4-1 displays the octahedral crystals with an average diameter of 200
nm, agreeing well with an earlier report.(47) The BET plot of the MOF-808 materials is shown in Figure
B2. The BET surface area, pore volume, and average pore width are presented in Table B1. The surface
morphology of the nanofibrous membranes with MOF loading of 20 wt. % is shown in Figure 4-2 as PAN
with MOF-808. The fiber diameter of the PAN with MOF-808 was significantly larger than the PAN
without MOF loading, resulting from the presence of the MOF particles, which also contributed to
increasing the surface roughness. The fabricated nanofibers were all nonwoven with interconnected pore
geometry with pore sizes ranging from 0.5 to 1 um. The elemental mapping spectrum by TEM—EDS of
PAN/MOF-808 nanofibrous membrane shows the presence of zirconium (Figure 4-3). The DSC
thermogram and tensile stress—strain curves of PAN and PAN/MOF-808 are displayed in Figure 4-4. The
Tg of the PAN membrane is around 79 °C. However, the T4 of the PAN/MOF-808 is slightly increased.
It is noted that Tq shifted by 3 °C toward higher temperature due to the restricted PAN chain movement
induced by the close interaction between MOF-808 and PAN polymers (Figure 4-4a). The tensile
mechanical properties, namely, Young’s modulus, yield stress, elongation at break, and stress at break
of PAN/MOF-808 membrane are superior to the PAN membrane (Figure 4-4b and Table B2). This is also
due to the strong interaction between PAN and MOF-808 materials. The powder X-ray diffraction
(PXRD) spectrum of the composite membranes is shown in Figure 4-5. It could be seen that the MOF
maintains its crystallinity even in the composite with its characteristic peaks indicated. The characteristic
peak of PAN polymer is also maintained at 26 = 16.9°. This profile clearly indicates that the various
activation routes did not affect the crystalline properties of the materials for the conditions applied. The
good compatibility between MOF and PAN, accounted for by their individual organic moieties, prevents
the appearance of free-standing MOF particles. This enhances the stability of the MOF-containing
nanofibrous membranes, preventing MOF leakage into the permeate during application. The cross-

sectional image (Figure B3) of the filtration membrane shows the multilayered membrane structure with
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PVDF nanofibers as the support layer and PAN/MOF-808 nanofibrous membrane as the top layer. The
multilayer membrane did not show any signs of compaction after the filtration experiment, indicative of

membrane stability.

MOF-808 MOF-808

1100 nm

Figure 4-1. Transmission electron microscopy images of MOF808 showing an octahedral-like shape.
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PAN - MOF-808 PAN - MOF-808

Figure 4-2. Scanning electron microscopic images of the nanofibrous membranes PAN, PVDF, and PAN/MOF-808 at two
different locations.
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Figure 4-3. Transmission electron microscopy images and energy-dispersive spectrum of the PAN and PAN/MOF-808
nanofibrous membranes.
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Figure 4-4. (a) DSC thermogram and (b) tensile stress—strain curve of the PAN and PAN/MOF-808 nanofibrous membranes.
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Figure 4-5. PXRD spectrum of the PAN/MOF-808 nanofibrous membranes.

87



4.3.2 Heavy Metal Uptake and Release

The kinetic data obtained was fitted using three models (pseudo-first and second order(48) and the
intraparticle models(49)), whereas the isotherm data was fitted using the Langmuir,(50) Freundlich,(51)
and Temkin(52) models. The equations used in the kinetic and isotherm analyses are demonstrated in

their linear form in (4-2) -(4-7).

As displayed in Figure B4 and Table B3, the Kkinetic experimental data fit the pseudo-second order model
with R? greater than 0.99 for both Zn and Cd. This is indicative of a physical sorption process with no
covalent bonding involved (an easy to reverse process). The relatively high k> value corresponds to the
fast adsorption as the saturation was attained after 10 min. The Langmuir adsorption isotherm model fits
the experimental data of 1 better than Freundlich and Temkin (Table B4) models depicting a homogenous,
monolayer adsorption process. The maximum adsorption capacities of 1 were 225.055 and 287.064 mg
gt for Cd and Zn, respectively. This is attributed to the higher surface charge of 1 ({ potential = —36
mV) measured at pH 4.5 and its high surface area of 939 m? g. It implies the electrostatic drag on the
small Zn ion (ionic radius 1.35 A) compared to the larger Cd ion (ionic radius 1.55 A) made way for

more Zn ions to be entrapped, and hence, the higher adsorption capacity.
4.3.3 Heavy Metal Uptake in the Presence of Co-ions

The selectivity of the composite membrane for the heavy metal ion was maintained, but the removal
efficiency was reduced by almost 20% for all membranes, as shown in Figure 4-6. This is mainly due to
the competitive effect of adsorption sites with the co-existing ions. The selectivity for Cd?* could be
attributed to the high electronegativity of the ion (Pauling electronegativity scale, y for Na*(0.93),
Mg?*(1.31), Ca?*(1.00), and Cd?*(1.69)),(53) making it easier to be attracted by the MOF carboxylic

group (COO") compared to the other ions.
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Figure 4-6. Solution for co-existing ion test comprised precisely of 48.3 ppm Ca2+, 49.7 ppm Mg2+, 45.1 ppm Na+, and 1.1
ppm Cd2+ ions.

4.3.4 Activation and Percent Removal

With an attempt to enhance the adsorption capacity of 1, three different routes were employed. These
activation routes included conventional vacuum drying at 100 °C, solvent exchange with acetone and
solvent exchange with water, followed by vacuum drying at 100 °C, all denoted as 1A, 1B, and 1C,
respectively. These were then blended in PAN in nanofibrous membranes, which were coded as 1a, 1b,
and 1c, respectively (as presented in Table 4-1 for clarity). Since MOF-808 has been reported with a
surface area greater than 2000 m? g1,(47) it is evident that 1 (surface area, 939 m? g1) had some solvent
trapped in its pores without being removed by the heat treatment at 70 °C, which was also confirmed by
thermogravimetric analysis (TGA) thermos-grams (Figure 4-7). TGA revealed that the drying process and
temperature affected the amount of solvent removed. At higher temperature under vacuum, the MOF

crystals showed a lesser amount of solvent contained, with the oven drying performing worst. 1B
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performed best with an initial weight loss of <5% contributed by the solvent removal. This is due to the

low boiling point of acetone, which makes evaporation and escaping from the MOF pores easier.
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Figure 4-7. Thermogravimetric analysis plot of all samples.

Investigations were further carried out on the effect of freeing the pores from the heavy metal ion
adsorption. The sorption experiment entailed the soaking of a specific amount of sorbent in 30 mL of 1
ppm heavy metal ion solution at constant pH and room temperature for 2 h. Under mild agitation, solution
samples were collected and analyzed by flame atomic absorption spectroscopy. The results showed a
28% decrease from 1 to 1A, in the removal of both heavy metals (see Figure 4-8). Attempting to investigate
this phenomenon further, BET analysis was performed. The results (Table B1) show that, upon removing

DMF, the pore volume dropped from 0.162 to 0.124 cm® g%, indicative of pore shrinkage of at least 20%
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of its original volume. It is noted that the pore volume increased from 0.124 to 0.204 cm? g2, indicative
of pore expansion for 1C. However, in the case of 1B, pore volume decreased from 0.124 to 0.105 cm?®
g resulting from pore shrinkage (Scheme 4-1). Ma et al.(54) observed that the Langmuir surface areas are
86.9 m? g! for freeze-benzene dried and 343.9 m? g* for supercritical carbon dioxide activated, which
were about a 5- and 21-fold enhancement, respectively, over that for the regular vacuum-dried MOF,
namely, [Zn22(BTC)12-(H20)22(NO3)g]-x guest, in where HsBTC = 1,3,5-benzenetricarboxylate acid.
Framework collapse can often be attributed to the high surface tension and capillary forces imposed on
the structure by the liquid- to gas-phase transformation of trapped solvent molecules, especially when

the solvent has a high boiling point and/or high surface tension.(55)
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Figure 4-8. Activated samples and their sorption experimental results.
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It is expected that upon removal of guest solvent, the pore volume should increase, but as also reported
elsewhere, this activation route does not usually result in a more porous material as pore downsizing

occurs.(37)

It is thus speculated that, though the pores are required to be as void as possible, some of the solvent is
required to maintain the pore integrity and prevent it from shrinking. 1A and 1B vacuum dried at 100 °C
did not show any significant difference from each other in the removal performance for both heavy
metals, but the TGA plot showed that vacuum drying at 100 °C was better in terms of removing guest

molecules from the pores. Hence, all samples including the membranes were vacuum dried at 100 °C.

In Figure 4-8, 1C shows a 10% increase in heavy metal removal from 1, which is corroborated by the 19%
increase of specific pore volume compared to 1 (0.162-0.202 cm® g1). For the pore geometry to change

by either contraction or expansion, some form of structural change will be noticed in the lattice,
which prompted a PXRD analysis (Figure 4-9). Ma et al.(56) studied a Zn-based MOF (UMCM-9) by

exchanging DMF with CH2Cl, and n-hexane and experienced an increased surface area with n-hexane

exchange, compared to CH2Cl> due to the low surface tension of n-hexane.
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Figure 4-9. Comparison of the simulated MOF-808 to the experimental samples with respective code definitions on Table
4-1.

Figure 4-9 shows the PXRD spectra for all MOF samples together with the simulated MOF-808. It is
obvious that the insertion of guest molecules into the pores causes a shift of the diffraction peaks pattern.
A shift to the lower 20 direction is associated with an expansion of the lattice according to Bragg’s law,
whereas a higher 20 shift demonstrates contraction.(57,58) Table B5 summarizes all peak shifts observed
for all MOFs. In particular, sample 1C shows a (111) peak shift from 4.36° of 1 to 3.91°, a (311) peak
shift from 8.36° to 8.01°, and a (222) peak shift from 8.726° to 8.51°. It is thus evident that, upon water
occupying the pore space, the lattice was stretched out causing a distortion of MOF structure resulting
in pore enlargement. However, after vacuum drying, the pore did not regain its original size, which
caused an increase in the adsorption capacity. It is safe to say that the volatility of acetone in 1B might
have prevented its ability to cause an expansion change. The ability of water to activate 1 (hydractivation)
implies that hydractivation could offer a simple technique for activation of water-stable porous materials

prepared from polar solvents like DMF.
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A specific weight of the nanofibrous membranes was also soaked in 30 mL of 1 ppm heavy metal ion
solution, and the solution samples were collected after 2 h with mild agitation and analyzed by the FAAS
and then the sorption capacities normalized with the wt. % of the MOF (reported values were obtained
by dividing the experimental value by the MOF fraction). The results are also shown in Figure 4-7. When
the MOF particles were entrapped in the nanofibers, their adsorption capacity decreased only slightly,
I.e., the normalized % removal of sample 1a and 1b decreased by 16% from 1A and 1B, whereas 1c
experienced a 15% drop from 1C. From these results, we can deduce that the PAN macromolecules
surrounding the MOF particles contributed an extra resistance for metal ions to reach the pores. As well,
the reduced effective surface charge of the particle also caused the reduction of the electrostatic drag.
The lattice expansion brought about by hydractivation in the standalone MOF was still present when the
MOF was in the nanofiber, but the presence of macromolecules around the particle could have limited
the lattice expansion. This could not, however, be confirmed since the MOF could not be retrieved from

the nanofiber for further analysis to investigate the structural change.
4.3.5 Filtration

The efficiency of contaminated water treatment using the prepared membranes in terms of practical
applicability was tested using a dead-end filtration setup. Since the PAN NMOM alone could not retain
the water, a thin layer of hydrophobic PVDF (~30 um thick) nanofibrous was attached to the bottom of
the PAN NMOM to prevent direct water penetration and increase residence time (Figure B2). A 400 + 32
um thick bilayer membrane (PAN NMOM + PVDF) was therefore used for the filtration. It is worth
noting that the thin PVDF base layer was designed to have a liquid entry pressure of water (LEPw) equal
to 0.4 bar. The membrane adsorption was conducted in a batch mode at room temperature using the feed
solution containing 30 ppb Cd?* ion that is 10 times the allowed concentration of 3 ppb for drinking

water.(15)
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Both 1a and 1¢c membranes showed a water flux of 348 + 55 L m™2 h! at the operating pressure of 0.4
bar with the ability of 1c to treat 580 mL of contaminated water before the permeate reached the
allowable limit of 3 ppb, whereas 1a could treat 464 mL. This difference in performance correlates with
the sorption performance earlier demonstrated. Hydractivated 1c showed that the pore volume increased,
which prevented an early breakthrough of the heavy metal ions compared to 1a, which is indicative of

an increase in the number of adsorption sites per pore volume.

Multiple cycles of filtration experiments to test membrane reusability are important for practical
applications. A cycle of filtration was considered from the initial start of the experiment until when the
permeate concentration reached the maximum allowable Cd?* ion concentration for drinking water. After
the cycle, the membrane was washed with 500 mL desorption solution and rinsed with DI water. As
shown in the embedded figure in Figure 4-10, the bilayer composite membrane maintained its flux and
removal capacity after four cycles of adsorption and subsequent washing (for the definition of recovery
see Appendix B). The collected permeate was also tested for MOF leakage by inductively coupled plasma-
mass spectrometry in the parts per trillion levels. Neither did the permeate of the first filtration cycle nor
did the permeate from the fourth cycle show any MOF particles. This is indicative of the strong
compatibility between MOF and polymer, which is necessary for long-term operation and applications
of the composite membrane. The absorption capacity of MOF-808 is better than the values reported in
Table B6. It should be noted that MOFs particles are wrapped by PAN materials reducing the access of

heavy metal ions to the pore of the MOFs in the PAN/MOF-808 nanofibrous membrane.
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Figure 4-10. Breakthrough filtration result for Cd2+ ion using PAN/ MOF-808 nanofibrous membrane activated by
conventional vacuum drying (1a) and hydractivated membrane (1c).

4.4 Conclusions

In summary, we have reported a nanofibrous MOF membrane prepared by co-electrospinning of Zr-
based MOF-808 and hydrophilic PAN. The MOF loading of up to 20 wt.% could be achieved and tested
for Cd and Zn ion removal from aqueous solution. Systematic studies on kinetics, isotherm, and filtration
were performed to determine the practical applicability of the nanofibrous MOF membranes. With the
good adsorption capacities of the MOF and the ability of the MOF to be accessible in the entrapped state,
PAN/MOF-808 membranes could treat a reasonable amount of Cd solution at a flux of 348 L m?ht. We

have established a facile activation technique for porous water-stable material (hydractivation), which
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could be optimized further for specific materials. This MOF composite membrane represents a new
generation of fast and efficient wastewater treatment membranes, which can be optimized further in
terms of MOF concentration, permeance, and permeability. This membrane can be employed to develop
robust membrane modules to produce point-of-use water of high quality or be integrated into pre-existing

treatment systems as an innovation in the wastewater treatment industry.
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Abstract

Removal of heavy metal (Lead) ions by membrane adsorption/filtration was studied using nanofibrous
membranes in which the adsorbent MOF808 was embedded. S-shaped breakthrough curves were
obtained experimentally when the heavy metal concentration in the permeate was plotted vs the filtration
period. Simple model equations that enable to reproduce the S-shaped breakthrough curve were derived.
It was found that the model equations could simulate the experimental data reasonably well. Attempts
were further made to correlate the parameters involved in the model equations to the properties of mixed
matrix nanofibrous membranes, such as the pore size and pore size distribution, membrane thickness,
fiber diameter, the adsorption rate constant, the Langmuir adsorption constant and the maximum
adsorption capacity. The model equation parameters were also correlated to the operating conditions
such as the heavy metal concentration in the feed and the transmembrane pressure difference. It is
believed that the model equations, despite its simplicity, can provide deeper insight into the membrane

adsorption/filtration phenomena and also contribute to the process design.
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5.1 Introduction

With the continual increase in water pollution and emergence of new pollutants, the growing need for
efficient and effective removal systems has surged in the last decade resulting in processes like chemical
precipitation combined with other methods[66]. These adsorbents are expected to pose fast Kinetic rates
for fast adsorption of pollutants and also to be regenerated easily[67]. Several materials have been
engineered for this purpose ranging from naturally occurring substances[68—71] to highly complex 3D
metal-organic frameworks[70,72—76]. In most of these materials the rate of removal of heavy metal ions
ranges from very slow to extremely fast thus broadening the scope of choice for application depending
on the process and the contaminant to be removed. Specific materials like partially fluorinated Cu and
Zn MOFs were used for removal of radioactive material from aqueous solution with significant
results[77]. Adsorbents for adsorption of multi-ions were also tested for removal of more than five ions
simultaneously with significant re-usability and high adsorption capacity[78-81]. These intrinsic

properties of the adsorbent turn to enhance the economic viability of the existing process.

In cases where the particles cannot be used as standalone materials, they are immobilized onto a substrate
which also contributes to improve the dispersion and at times adsorption increases due to improved
surface coverage. Substrate materials have mostly been either flat sheet membranes or nanofibers made
from water stable polymers like PAN, PVDF, PES and PTFE [62,70,82-90] among others. These
polymers have shown significant chemical and thermal stabilities suitable for aqueous applications. Non-

polymeric materials like ceramics have also been developed and used as substrate[76].

For applicability purposes, these composite membranes can either function as membranes for adsorption
or filtration or a combination of the two mechanisms as presented in adsorptive-filtration membrane
processes[91,92]. Depending on the pore size distribution and the size of the pollutant to be treated, the

composite membrane will adopt membrane adsorption when the size of pollutant is smaller than the
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membrane pore hence size exclusion is insignificant. Here, the adsorbent particles immobilized on the
substrate play the dominant role which in most cases depends on the extent of exposure and contact
between the pollutants and the adsorbent. If the particles are completely embedded or enmeshed into the
polymer matrix or nanofiber, then exposure and contact could be reduced leading to low adsorption
capacity and vice versa. The performance of these particles outside of the substrate and when
immobilized has been debated by some researchers saying that the performances are comparable in the
immobilized and free-standing state. It should be however noted that this particular report is more
prevalent for nanofiber membranes than flat sheet membranes[85]. The composite membranes are
usually used as filters to remove heavy metal ions and their performances are evaluated in terms of the
membrane flux and the heavy metal concentration in the permeate. Obviously, the performance is
affected by many parameters, which include the properties of the composite membranes such as the pore
size, pore size distribution, porosity, thickness, fiber diameter (in the case of nanofibrous membranes),
amount of the adsorbent embedded and its adsorption capacity. Other parameters are the process
parameters such as the heavy metal ion concentration and the transmembrane pressure difference.
Therefore, some mathematical models are required to describe the effects of the parameters on the
membrane performance quantitatively, especially for process design purposes. Most of the models
developed in membrane processes, however, focus on prediction of flux and fouling [93-98] with little
attention on the permeate quality. The transport models developed for the nonporous membranes are not
applicable for the highly porous nanofibrous membranes. Particularly, no model has been developed for
the adsorbent embedded nanofibrous membranes, although the applicability of such composite

membranes for membrane adsorption was shown by our previous work[63].

The objective of this work is to present a model to describe the breakthrough curve (time dependent

permeate concentration) obtained from the membrane adsorption/filtration experiments as accurately as
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possible. Although the model is very simple, it includes all the above-mentioned parameters that can
potentially affect the membrane adsorption performance. It should also be emphasized that those
parameters were determined quantitatively in our previous work, in which no detailed filtration
experiments were conducted. Thus, we believe that the analysis of the experimental data by the proposed
model will not only provide the in-depth understanding of the phenomena but also contribute to the
process design of membrane adsorption, although we should admit that further refinement of the model

IS required.
5.2 Modeling approach

The model consists of two parts. In the first, Carman-Kozeny (C-K) equation is employed to estimate
the flux of the nanofibrous membrane. The C-K equation has been used in several mathematical models
in predicting the flux of porous membranes[94,99] with high compatibility between model and
experimental data. The model calculation is made under the condition that the heavy metal concentration
is in the ppb range so that the permeate flux is nearly equal to that of pure water. In the second part, an
attempt is made to reproduce the breakthrough curve of the permeate concentration based on the mass
balance including the rate of heavy metal in- and out flux and the heavy metal adsorption rate. This easy
to implement but reliable mass balance approach has shown its presence in modeling designs from RO

to UF [100-102].
5.2.1 Carman-Kozeny equation for flux calculation

The membrane flux, J (kg/m? h) is calculated according to the Darcy’s law by eq. (5-1)

_ 3600pK

J =225 AP (5-1)

where p is the density of water (kg/m?), u is the viscosity of water (Pas), § is the membrane thickness

(m), AP is the transmembrane pressure difference (Pa) and 3600 is for the conversion of seconds to hour.
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K is the permeability coefficient (m?) which can be calculated by the following Carman-Kozeny equation

(eq. 5-2)

_ djzr g3
T 16 keg(1-¢)?

(5-2)
where € is the membrane porosity (-), df is the fiber diameter (m). k¢ is the Carman-Kozeny constant,
a parameter dependent on the structure of the membrane material. For this study, a kg value of 4.5 is

used based on the work of Tomadakis and Roberston [103], where they provided k. for different fiber

alignments ranging from randomly oriented fibers to fully aligned fibers.
5.2.2 Breakthrough curve of the heavy metal ion concentration in the permeate

From mass balance, the rate of heavy metal ion outlet from the membrane is the rate of heavy metal ion

inlet into the membrane minus the rate of heavy metal adsorption as given by eq. (5-3).

dq
JAc, = JAcy — Wd—tt (5-3)

Where J is water flux (L/m? h, is used here instead of kg/m? h), A is effective membrane area (m?), c,,
and ¢, are permeate and feed heavy metal ion concentration (mg/L), respectively, w is the mass of the

adsorbent embedded membrane (g), q; is the amount of the heavy metal ion adsorbed by the unit mass

of the membrane (mg/g) at time t (h).

Using the first order kinetics,

d
== k1 (Gmax — 42 (5-4)

Where gmax is the maximum adsorption capacity of the membrane (mg/g) and ki is the pseudo-first order

kinetic constant (h%).

Integrating

109



dt = Qmax(1 — e_klt) (5-5)

From eq. (5-4) and (5-5)

X = Ky Gmaxe (5-6)
From eq. (5-3) and (5-6)

JAc, = JAcy — WkyQmare 1" (5-7)
There are two cases:

JAcy < WkyGmaxe 1t (5-8)

In this case, the rate of the heavy metal ion influx is less than the rate of adsorption. Then, c; is zero.
JAcy = WkyGmaxe 1t (5-9)

In this case the rate of heavy metal ion influx is more than the rate of adsorption and the heavy metal ion

appears in the permeate making eg. (5-7) relevant.

Rearranging eq. (5-7)

In (1 - C—”) =In (M) — ket (5-10)
cr JAcr

According to eq. (5-10), k; and In Wdmax ) ¢an be obtained from the slope and the intercept with the y
]ACf

axis of the linear plot, y =In(1 — 2) vst, respectively.
y o
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When membrane adsorption is overlapped by the membrane rejection R (defined as (1 - cp/cs ) when

there is no adsorption), eqtns. (5-7) and (5-10) becomes

JAc, = JA(1 — R)c; — Wk qmqyxe "1 (5-11)
and

_ C_p _ WK1qmax _ _
In (1 Cf) =In (]—A(l—R)Cf> kit (5-12)

respectively.
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Model equations

Without membrane rejection; JAcp, = JAcr- Wki Gmax e ™
With membrane rejection; JAc, = JA(1 - R)cs- wki Gmax €™

Darcy’s law and
Carman-Kozeny equation
Flux data, J
Kinetic data, ki — = 360%" K np
Membrane mass, w H
3
K= _die
16 kek (1- €)
Y

Estimation of model parameters

Ab (single and double layer)
AC (50 and 25 ug/L)
AP (0.1 and 0.2 bar)

}

Prediction of permeate metal ion concentration
(Breakthrough curves)

Scheme 5-1. Block diagram demonstrating modeling route. The model equations provide the backbone on which the C-K
and Darcy’s equations were applied, and the effect of other changes were reflected in the generated breakthrough curves.

5.3 Experimental

It should be noted that the membrane used for the membrane adsorption/filtration was comprised of the
following two layers; the top PAN nanofibrous membrane with the embedded MOF808 and the bottom
PVDF nanofibrous membrane. The top PAN/MOF808 membrane controls the heavy metal adsorption

due to the presence of adsorbent MOF808 and the bottom PVDF membrane controls the flux due to its
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hydrophobic property. These composite nanofibrous membranes were prepared following our previous

protocol [63].

The pore and fiber characteristics of the PVDF nanofiber membrane were obtained by analysing the
SEM images using the ImageJ software. The PVDF membrane porosity was obtained by gravimetric

method using butanol [104,105].

The weight of the PAN/MOF808 layer was obtained by weighing several sheets of PAN/MOF808
membrane that were electrospun without the bottom PVVDF layer. The first order adsorption rate constant
of the MOF particle, ky = 1.38 1/h, and the Langmuir adsorption constant, K. = 0.001 L/mg, and the
maximum adsorption capacity, gmax = 23.98 mg/g, of the PAN/MOF808 layer were obtained by batch

adsorption experiments in our previous work[63].

The filtration experiments were carried out using a continuous filtration setup with a 7 L reservoir which
was connected to a feed pump. A feed flow rate of 1.5 LPM was maintained. With such a large feed
volume compared to the flux, the feed volume as well as the heavy metal concentration in the feed can
be assumed to be constant. The exit valve of the module was used in adjusting the TMP. A specified
volume of permeate was collected at predetermined time intervals to calculate the flux. The permeate
sample was further subjected to the flame atomic adsorption spectrometry to measure the heavy metal
(lead) ion concentration. It must be emphasized that for all the experimental runs (1-6), different

membrane coupons were used per run.
5.4 Results and discussion
5.4.1 Membrane flux

As mentioned in the experimental section, PAN808/PVDF multilayer membranes were used for the

filtration experiments, since the hydrophilic PAN808 membrane alone showed practically no resistance
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against the permeant (water) flow. A PVDF layer was necessary to be placed under the PAN8O8 layer
to make the flux measurable at the applied transmembrane pressure difference (1 and 2 x 10* Pa).
Therefore, the water flux is solely controlled by the PVDF bottom layer and the membrane properties of

the PVDF membrane can be used for the estimation of the membrane flux by eqtns. (5-1) and (5-2).

Table 5-1. Properties of PVDF membrane and water

Parameter Description Value

Membrane

properties

€ PVDF membrane porosity ~ 0.612

ds average diameter of PVDF 2.027 x10 " m
nanofiber

ke Carman-Kozeny constant 4.5

() PVDF membrane thickness 3.0 x 10°m

Properties of water

p density 0.997 x 10° kg/m?®

u viscosity 8.9x10*Pas

The membrane flux was calculated using the membrane properties as well as the properties of water,

both summarized in Table 5-1, under the transmembrane pressure difference of 10* Pa (0.1 bar). The

result was 1091 kg/m? h. On the other hand, the experimentally obtained membrane flux was 348.9 kg/m?

h. The approximately 3 times higher theoretical value is probably due to the high porosity value of 0.612.
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The porosity is highly likely reduced under the pressure to a value of 0.597 (decrease of 2.5 %) due to

compaction, by which the theoretical flux agrees with the experimentally observed flux.
5.4.2 Permeate concentration

An attempt was made to interpret the breakthrough curve of the heavy metal ion concentration in the
permeate by the model equations. First, the effect of the feed heavy metal ion concentration was studied
by using 50 and 25 x10° mg/L in the feed. The thickness and the mass of the membranes are reported in
Table 5-2 together with the transmembrane pressure difference and the feed heavy metal concentration

of Run 1and 2. The membrane flux was 348.9 kg/m? h, as reported in section 5.4.1.

Table 5-2.The thickness of the PAN808 membrane, experimental conditions and some experimental results for Run 1 and 2.

Run Membrane Transmembrane Feed Flux Rejection by
thickness? pressure difference  concentration (kg/m2h)  membrane
(m) x 108 (Pa) x 10 (mg/L) x 103 (%)

1 560 1 50 348.9 10.1

2 560 1 25 348.9 1.8

3This is the thickness of the of PAN808 membrane where adsorption takes place. The membrane area, A, was 0.0038 m? and
the mass of the membrane, w, was averaged 100 mg.

Table 5-3. Results of regression analysis for Run 1 and 2

Run k1 Intercept Intercept with y axis Coefficient of
(1/h) withtaxis  and determination, R?
(min) 1 Wlemax
n\Za-nq)
)
1 1.342 103.8 2.323 (3.980) 0.826
2 2.256 128.2 4.819 (5.115) 0.968
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Figure 5-1 shows the experimental permeate concentration versus time for Run 1 and 2. Both of them
are the typical S-shaped breakthrough curves with Run 1 and 2 leveling off at 45.4 and 24.6 x 10~ mg/L,
corresponding to the rejection of 10.1 and 1.8 %, respectively. These rejections are also reported in Table
5-2. Although the values are low, the rejection of the heavy metal ion was unexpected since the size of
the heavy metal ion is much smaller than the nanofiber membrane pore size. One of the plausible
explanations is that the adsorption rate has become very slow at the last stage of the filtration experiment,
exhibiting very slow approach of the breakthrough curve to the targeted value, which is the concentration

in the feed.

In (1 — Z—”) versus t plot shown in Fig. 5-2 is almost linear. The data were therefore subjected to the
f

linear regression analysis, according to eq. (5-12) without including the first few data where c; is equal
to zero and the last one that is considered as the leveled off value. The results of the regression analysis

are shown in Table 5-3.

The coefficient of determination, R?, is given in the last column of the Table 3, which indicates that

fitting of Run 1 was poor relative to the excellent fitting of Run 2.

kq values for Run 1 and 2 are 1.342 and 2.256 1/h, respectively. These values are in the same order of
magnitude as 1.38 1/h obtained for stand-alone MOF808 in our previous work [63], suggesting that the

adsorption is controlled by the heavy metal transport in MOF.

Regarding the intercept with t-axis, the data coincide with the times when the heavy metal ion starts to
appear in the permeate (see Fig. 5-1). This lag time is longer for Run 2 due to the lower feed heavy metal

ion concentration.
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Figure 5-1. Effect of feed concentration on the amount of permeate produced for Run 1 and 2.
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WK1qmax

]A(l_R)Cf> as shown in eq. (5-12). In order

Regarding the intercept with y-axis, it should be equal to In (

to test if the intercepts obtained from the regression analysis indeed satisfy the theoretical requirement,

WK1 qmax
JA(1-R)cs

) was calculated for Run 1 and 2, using gmax = 23.98 mg/g for PAN 808 membrane, a value
obtained by our previous work [63]. w, k1, J, A, R and cr are shown in Tables 5-2 and 5-3. The results are
also included in Table 5-3 in the fourth column in the parenthesis. The agreement is very good for Run
2 but for Run 1, the theoretical value was larger than the one obtained by the regression analysis,

indicating that the total adsorption capacity in the membrane, wgmax was not fully utilized in the filtration

experiment for Run 1.

It should be noted that some ambiguity remains in the interpretation of gmax. According to the definition
of pseudo-first order adsorption ge, which is the amount of heavy metal ion adsorbed at equilibrium with

the equilibrium concentration, should be used in eq. (5-4) instead of gmax.
As well, according to the Langmuir adsorption equilibrium

— QmaxKLCe
9= T1Kec,

Which will be nearly equal t0 @4, K ce, When ce is as low as or lower than the feed concentration of
0.05 mg/L used in this work. Since gq, 15 23.98 mg/g and Ky is 0.001 L/mg (see experimental section)

dmax K1 Ce 1S €qual to or less than 0.0012mg/g.

WK1qmax

) becomes less than -5.923, which is unreasonable
JA(1-R)cy

Then, using ge instead of gmax, theoretical In (
especially with its negative sign. Therefore, gmax Will be used instead of ge from now on for the calculation

of the theoretical In (M)
JA(1-R)cs
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WK1qmax

) increase from Run 1 to 2 due to the
JAQA-R)cy

In Table 5-3 both y-axis intercept and the theoretical ln<

smaller c; of the latter.

The simulation of the breakthrough curve is also presented in Fig. 1 together with the experimental data

for Run 1 and 2.

Table 5-4.The thickness of the PAN808 membrane, experimental conditions and some experimental results for Run 3 and 4.

Run Membrane Transmembrane Feed Flux Rejection by
thickness? pressure difference  concentration (kg/m?h)  membrane
(m) x 108 (Pa) x 10 (mg/L) x 103 (%)

3 530 1 41.7 348.9 0

4 1060 1 41.7 348.9 0

Table 5-5.Results of regression analysis for Run 3 and 4

Run k1 Intercept Intercept with y axis Coefficient of
(1/h) withtaxis  and determination, R?
(min) 1 Wqumax
n\aa-nq)
(@)
3 1.482 56.48 1.395 (2.56) 0.987
4 1.740 83.75 2.429 (3.41) 0.943
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In the next group of experiments (Run 3 and 4), the thickness of the membrane was changed. In Run 3 a
single layer of the PAN808 membrane with a thickness of 530 x 10° m was used while in Run 4 the
membrane thickness was doubled by placing one PAN808 membrane on top of the other PAN808
membrane. The membrane property, experimental conditions and some of the experimental results are
shown in Table 5-4. Note that the membrane flux has not changed from Run 3 to 4 despite doubling of
the PAN808 membrane thickness, since PAN808 membrane has shown practically no resistance for the

permeate flow. The results of the regression analysis are shown in Table 5-5.

The coefficients of determination are very high for both Run 3 and 4, indicating the excellent linear
fitting.
The k1 values for Run 3 and 4 were 1.482 and 1.740 1/h, which were again close to the k1 observed earlier

for the stand-alone MOF808 particle.

The lag time (intercept on t-axis) of Run 4 was longer than Run 3 as expected.

The theoretical 1n (%) increased from Run 3 to 4, since the mass of PAN808 membrane, w, was
—R)cr

doubled when the thickness was doubled. The y-axis intercept of linear regression was smaller than the

theoretical value, again due to the underutilization of the adsorption capacity.

Table 5-6.The thickness of the PAN808 membrane, experimental conditions and some experimental results for Run 5 and 6.

Experiment Membrane Transmembrane Feed Flux Rejection by
thickness? pressure difference  concentration (kg/m? h) membrane
(m) x 106 (Pa) x 104 (mg/L) x 103 (%)

5 560 1 41.7 348.9+26 O

6 560 2 41.7 693.6+42 0
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Table 5-7.Results of regression analysis for Run 5 and 6

Run ki Intercept Intercept with y axis Coefficient of

(1/h) withtaxis  and determination, R?

(min) l Wqumax
(n{7a — R, )
O]

5 1.08 79.55 1.432 (3.849) 0.994

4.464 159.5 11.90 (5.268) 1.0
6 0.798 46.14 0.6137 (2.854) 0.915

1.89 132.5 4.146 (3.716) 0.978

In the next experiments (Run 5 and 6) the transmembrane pressure difference was changed from 1 to
2x10* Pa. The flux was doubled as shown in Table 5-6. The breakthrough curve of the heavy metal
concentration in the permeate is shown in Fig. 5-3. Interestingly, an inflection point appeared for both
run 5 and 6 at 180 min, indicating some change in the membrane properties. Therefore, in the model
analysis, the linear regression was carried out in the two separate parts of the breakthrough curve, i.e.

before and after 180 min, and the results shown in Table 5-7.

It should be noted that in the second regression of Run 5, only the data at 180 and 210 min were used
because the curve quickly leveled off after 210 min. Therefore, the slope and intercept obtained are less

reliable despite the high coefficient of determination of 1.0.

In Table 5-7, ki values are again in the reasonable range, except for the second part of Run 5. The increase

of ki from the first to the second regression reflects the sudden increase the slope at 180 min.
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Figure 5-3. Effect of TMP pressure depicted by Run 5(0.1 bar) and Run 6 (0.2 bar)

As for the lag time, it increases from the first to the second regression, reflecting the shape of the
breakthrough curve. The lag time decreases with an increase in the transmembrane pressure difference,

which is reasonable since the rate of heavy metal entry surpasses the rate of adsorption sooner when the

flux is doubled.

Regarding the y axis intercept, it increased significantly from the first to the second regression due to

the increase in ki, but as already mentioned the value for the second regression part is less reliable. Both

y axis intercept and the theoretical In (%) value decreased with an increase in the transmembrane
—R)cr

pressure difference due to the doubling of the flux. The simulation of the breakthrough curve is also

presented in Fig. 5-3 together with the experimental data for Run 5 and 6.
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5.5 Conclusions
The following conclusions can be drawn from this work.

The Darcy’s law and Carman-Kozeny equations, when applied for the nanofibrous membrane, reveals

slight membrane compaction under the pressure.

The newly developed model reproduces the S-shaped breakthrough curve of the heavy metal
concentration in the permeate reasonably well, when the slope and the intercept obtained from the linear

regression analysis are used.

The slope agrees with the adsorption rate constant obtained from the independent adsorption experiment

reasonably well.

The intercept can be related to the parameters such as the mass of the membrane, membrane thickness,
adsorption rate constant, maximum adsorption capacity of the membrane, transmembrane pressure

difference, and heavy metal ion concentration in the feed.
Currently, however, the precise prediction of the membrane performance is not yet possible, since

a) The degree of the membrane compaction under the pressure can not be predicted.

b) The adsorption rate constant varies considerably from membrane to membrane.

c) The maximum adsorption capacity is not fully utilized. The degree of utilization should be
affected by the pore size and pore size distribution, fiber diameter of PAN808 layer and also the
distribution of MOF particles in the nanofiber. Therefore, it is necessary to correlate the
utilization of the maximum adsorption capacity to the above-mentioned parameters to enable the
precise prediction of the membrane adsorption performance for the MOF embedded nanofibrous

membrane.
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Nomenclature

J water flux [m%m? s] Greek letters

A effective membrane area [m?] & membrane thickness [m]
w amount of MOF [g] € porosity [-]

Qmax Maximum adsorption capacity [mol/g] K dynamic viscosity [kg/m s]

q; time adsorption capacity [mol/g]
¢ feed concentration [mol/ m?]
c,  permeate concentration [mol/m?]
k,  first order Kinetic constant [1/s]
t time [s]
R rejection [%]
Y, Volume of feed [m®]
K.x ~ Carman-Kozeny constant [-]
K permeability coefficient [m/s]

dr  average fiber diameter
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Chapter 6

Effects of operating parameters and co-existing ions on the efficiency of lead

removal by Nano-fibrous MOF membrane filtration process

Johnson E. Efome, Dipak Rana*, Takeshi Matsuura, Christopher Q. Lan

Industrial Membrane Research Institute, Department of Chemical and Biochemical Engineering,
University of Ottawa. 161 Louis Pasteur Ottawa ON Canada, K1N 6N5

This current chapter is a manuscript to be submitted to the Chemical Engineering Journal
Abstract:

The purification process of wastewater containing heavy metal ions like lead using nano-fibrous
MOF808 embedded polyacrylonitrile (PAN) membrane has been studied and presented. A continuous
flow cell was used for the filtration process at room temperature. The process parameters that were
evaluated included feed concentration, transmembrane pressure (TMP), membrane thickness and the
effect of co-existing cations in the solution. The concentration of the heavy metal ions in the permeate
was determined using flame atomic absorption spectroscopy (FAAS). Experimental results indicate a
substantial variation in the feed volume that the membrane can treat before the permeate lead
concentration reaches the allowable limit of 10 ppb, depending on the process parameter. An increase in
the membrane thickness showed the most significant improvement (25%) with 515 L h! of the treated
feed volume after doubling the membrane layer. An increase in TMP could reduce the treated feed
volume by 27% while a decrease in feed concentration led to a 12% increase in the treated feed volume.
In the presence of other common background cations in the solution, the removal efficiency of lead ions
by the adsorption onto MOF808 dropped by 18% in the presence of up to three other cations but was

minimal in the presence of a single cation indicative of good selectivity.
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6.1 Introduction

Heavy metal ions even at relatively low concentrations pose serious long-term health hazards to both the
environment and public due to their non-biodegradability causing them to accumulate in the systems.
With the rising water and air pollution resulting from population increase, it becomes paramount to
develop and apply removal techniques to mitigate the effects of heavy metal accumulation. Various
physical and chemical treatment processes have been used for treating wastewater and contaminated
water. They may be as simple as pH changes[106] or they use a wide range of adsorbents from natural
substances [68,107-112] to 3D complex materials[74—76,113-115]. The removal process involving
most of these materials is usually governed by their surface area, electrostatic interaction and the level
of exposure and contact with the contaminant in the feed. As such, the quantity of the material as a ratio
of the contaminant in feed could be very large. Immobilization on substrates is a method that has been
widely used to enhance adsorbent performance through increasing the effective surface area and
reducing particle agglomeration. Substrates, although mostly polymeric, have ranged from flat sheet
membranes[114], ceramic membranes[116,117] and nanofibrous membranes[118,119] and the

performance of the materials has been debated compared to the non-immobilized state.

Practical applicability of these composite membranes has been tested in systems like ultrafiltration[120],
nanofiltration [121]and others to determine their viability in removing heavy metal ions from wastewater
and contaminated water. In these filtration processes, there are governing parameters that determine the
performance of the process and they must be carefully evaluated and optimized to harness the maximum
potential of the process. In the heavy metal removal processes, the quantity of the contaminant in feed
that can be treated by the system is the point of centricity through which most of the systems are

evaluated. To improve the efficiency of the treatment process, the underlying mechanism(s) and
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principles must be understood, studied and optimized. In a typical filtration process, a porous membrane
with or without fillers is used for a batch or continuous process to produce a permeate of better quality

than the feed.

There are two mechanisms of contaminant removal by filtration using the adsorbent embedded
membrane. When the membrane pores are smaller than contaminant species, separation based on size
exclusion becomes the prevailing mechanism and usually there could be a cake formation causing a
reduction in flux with time. On the other hand, when the membrane pores are larger than the contaminant,
removal is controlled by the adsorption affinity of either the membrane surface or the adsorbents

immobilized on the membrane. These two mechanisms may work separately or simultaneously.

As such, the rate of the contaminant removal is controlled by the factors which may include the filtration
transmembrane pressure (TMP), the temperature of the process, the available surface area for adsorption,
and the adsorption rate between adsorbent and adsorbate. These factors have been studied for various

systems to optimize the filtration process to produce quality permeate[109,122-124].

We illustrate the effects of some main filtration parameters like TMP, feed contaminant concentration
and membrane thickness on the volume of feed the system is capable of treating. The study is based on
the filtration of lead (Pb?* ions) from the aqueous medium. The removal efficiency of Pb?* in preference
to the other background cations commonly present in water was also studied. The membrane used in this
study was developed in our previous work and comprised of a zirconium MOF (MOF 808) enmeshed in

polyacrylonitrile nanofibers.
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6.2 Experimental section
The MOF808 embedded nanofibrous membrane was fabricated based on our previous work [113].

ZrCls, DMF, PAN powder and HsBTC were purchased from Sigma Aldrich, Formic acid from Alfar
Aesar, PVDF was donated by Arkema Inc (Philadelphia). Typically, the MOF was prepared as follows:
0.699 g of ZrCls and H3BTC (0.210g) were dissolved in a mixture of DMF/Formic acid (45/45mL) in a
200-mL boiling flask. The flask was then transferred into a microwave and irradiated at 400 W for 30
min. The resulting suspension was filtered by centrifugation, washed with DMF three times (10 x 3) and
dried at 100 °C for 12 h. The dried MOF (0.125g) was primed in 3 g of DMF then 0.5 g of PAN was
added with the remainder of 2 g solvent to form a suspension with 20 wt. % MOF loading. The solution
was placed in shaker for 24 h at 50°C, degassed and electrospun on aluminium foil at 15-20 kV, 0.11-
0.15 mm/min syringe feed rate, at room temperature and 40% humidity. The collected membranes were
room dried to remove excess solvent then activated by washing in acetone then water followed by

vacuum drying at 100°C.

The filtration set up were also reported in our earlier communication (ref). It should be noted that the
membrane used for the filtration experiment was comprised of the following two layers; the top PAN
nanofibrous membrane with the embedded MOF808 and the bottom PVVDF nanofibrous membrane. The
top PAN/MOF808 membrane controls the heavy metal adsorption due to the presence of adsorbent
MOF808 and the bottom PVVDF membrane controls the flux due to its hydrophobic property. As such,
the thickness of the membrane referred to here represents solely that of the PAN/MOF808 layer. The
PVDF layer thickness was unchanged to maintain the constant permeation rate. The filtration
experiments were carried out using a continuous filtration setup with a 7 L reservoir which was
connected to a feed pump. A feed flow rate of 1.5 LPM was maintained. A specified volume of permeate

was collected at predetermined time intervals and the permeate sample was subjected to the flame atomic
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adsorption spectrophotometry (Thermo Scientific iCE 3000) to measure the heavy metal (lead) ion

concentration. The conditions for the single lead ion filtration are summarized in Table 6-1.

The filtration protocol is the same in the presence of the co-existing ions, where the mixture of Na™,
Mg?*, and Ca?" (47.9, 49.3, 50.5 ppm respectively) was added to the feed solution. A single

PAN/MOF808 membrane was used at 0.1 bar TMP.

The adsorption experiments were carried out following the protocol described thoroughly in the earlier
report[113]. Briefly, lead nitrate solutions with 1 ppm of lead ion concentration was prepared without
and with the addition of the coexisting ions, either individually or simultaneously. 20 mg of MOF808
was added to 30 mL of the prepared solution and after 3 h, the lead ion concentration was measured. The

removal efficiency of lead ions was defined by equation 6-1.

- Pb conc i
Removal efficiency = 1 — { arter “ds‘"”“"”} (6-1)

Pb concipjtial

The membrane mechanical properties were obtained using the standard method ASTM D 882 with an
Electropuls Intron E3000 equipment at room temperature and crosshead speed of 5 mm/min. The
thickness and length of the membrane samples were 560 um and 20-mm respectively with a width of
10-mm. Inhomogeneous samples were rejected and only stress-strain results from samples with breakage

at least 2-mm from the edges were selected.
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Table 6-1.Process operating parameters summary

Parameter Value
Membrane thickness (single layer) 560£32 pm
Effective membrane area 3.8x10° m?
TMP 0.1 and 0.2 bar
Initial Pb 2* conc. (in lead nitrate) 50 ppb

6.3 Results and discussion
6.3.1 Effect of transmembrane pressure (TMP)

The effect of the applied TMP was investigated at a constant feed concentration of ~50 ppb using a single
layer of PAN/MOF808 on the PVDF base layer at room temperature. Figure 6-1 shows typical
breakthrough curves of the membrane filtration. During the initial lag period the lead ion concentration
in the permeate is maintained nearly equal to zero due to the strong adsorption capacity of the
PAN/MOF808 layer. After the lag period, the lead concentration starts to increase since the adsorption
site is largely saturated with the lead ions. The figure shows that the lag period decreases with an increase
in TMP. This is because the membrane flux increases with an increase in TMP according to the Darcy’s
equation[125,126] and the amount of lead ions that can be treated by the PAN/MOF808 layer is supplied
to the membrane within a shorter period. At 0.1 bar, the membrane could treat 577.5 L (normalized per
m? of membrane) of feed before the permeate lead concentration reached the maximum allowable

concentration (MAC) of 10 ppb. This volume is called hereafter the “concentration effect volume”. Upon
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doubling the TMP to 0.2 bar, the concentration effect volume was reduced to 421 L (27% reduction).
The decrease in contact time between the aqueous feed and MOF particles at the higher TMP may also
account for the appearance of heavy metal ions earlier in the breakthrough curve as reported elsewhere
[91]. This increase in pressure will not be sufficient to cause any mechanical deformations on the

membrane since the membrane showed relatively high Young’s modulus and stress at break values (Fig.

6-2)
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Figure 6-1. Effects of changes in TMP on the breakthrough curve

An increase in TMP also has the tendency to cause the membrane to suffer from compaction [127,128]
which leads to a reduction in porosity. However, in the presence of the PAN/MOF808 layer on top of
the flux controlling PVDF layer, the effect of compaction of PVDF layer on the permeate flux was

minimized.
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It is desirable to increase the flux to treat a large amount of contaminated water within a shorter period.
Increasing the TMP is one way of increasing the flux and another way is to reduce the thickness of the
flux controlling PVVDF layer. In both ways, however, the concentration effect volume decreases, which
results in the shorter interval between membrane regenerations. Hence, optimization of membrane
thickness and operating pressure is necessary to find out the balance between these two opposing

requirements.
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Figure 6-2. Mechanical property test of the filtration membrane.

6.3.2 Effect of feed concentration

In treatment centers, seasonal changes and the location of the treatment facility may affect the feed
concentration of the wastewater or water to be treated. It is therefore important to understand the
functionality of the membrane at varied feed concentrations in order to meet the treatment requirements.
With the initial feed concentration of 50 ppb, Fig 6-3 shows that when the concentration is reduced by

half, the membrane can treat more of the feed.
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Figure 6-3. Effects of initial lead ion concentration in feed on the permeate lead ion concentration.

From the figure, at 50 ppb feed solution, the concentration effect volume of the single layered membrane
was 641.1 L while it was 827.2 L when the concentration was reduced by 50%, representing about 29%
increase. When the concentration reduces, the amount of heavy metal ions that come to contact with the
PAN/MOF808 membrane also reduces, which delays the saturation of the adsorbent. The membrane was
expected to treat more feed at half the original feed concentration but with just a 29% increase, it is most
likely that some parts of the membrane might not be in full contact with the feed solution. This will

imply that the adsorbent MOF particles were not completely used for adsorption.

151



6.3.3 Effect of membrane thickness

It must be noted that the change in membrane thickness investigated refers to the change in the
PAN/MOF808 layer which, was varied from single to doubled layer with the PVDF layer thickness kept
constant at all times. Increasing the membrane thickness is usually associated to increase in mass
resistance which should reduce the flux at constant operating pressure [129-131]. However, as already
mentioned, the flux does not change even when the PAN/MOF808 layer thickness is changed, since the
PVDF layer is flux controlling. The effect of doubling the PAN/MOF808 layer thickness on the

breakthrough curve is illustrated in Fig. 6-4.
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Figure 6-4. Effects of membrane thickness on the permeate lead ion concentration.
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For a single layer membrane, 348.8 L of treated solution can be produced compared to 515.7 L for a
double layer membrane corresponding to a 25% increase. Since it is estimated that every PAN layer
contains approximately 20 wt.% MOF, doubling the PAN layer should correspond to a close to double
the MOF quantity available for adsorption. With only a 25% increase, it is an indication that not all of
the MOF particles were available for adsorption, a phenomenon earlier reported [113]. Not limiting to
the availability of the MOF for adsorption, particle agglomeration in the nanofiber membrane could be

another contributing factor in reducing the available adsorption sites for adsorption.

6.3.4 Effect of co-existing cations

The presence of other cations like Na*, Mg?*, K*, Ca?" in wastewater is inevitable and therefore their
effect on the removal efficiency of the MOF808 for Pb™ ions was assessed and its PAN/MOF808
membrane also investigated for filtration using a feed containing background ions. As presented in Fig.
6-5, MOF808 retained its lead removal capabilities in the presence of other metal ions tested at varied
concentrations of the background ions. The removal efficiency of the standalone MOF was decreased by
18% in the presence of all Na*, Mg?*, Ca" ions (presented in Fig. 6-5 as cocktail) but for a single ion,
the efficiency was reduced by 20% in the presence of 50 ppm Mg?* ions. The preferential adsorption of
Pb?* could be due to the higher electronegativity of Pb2* ion than any of the co-existing ions (Pauling
electronegativity y Na*(0.93), Mg?*(1.31), Ca?*(1.00), Pb?*(1.8)[132]), which makes the electrostatic

interaction between Pb2* and the COO™ group in MOF the strongest.
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Figure 6-5. Effects of co-existing ions on the removal efficiency of lead ions by MOF808 particles. The cocktail solution
comprised of all three background ions at approx. 50 ppm each.

As for the filtration experiment, the concentration effect volume was 485.6 L in the presence of all three
co-existing ions. This represents 24% less compared to the concentration effect volume (641.1 L, see
section 6.3.2) in the absence of co-existing ions. Co-existing ions compete with Pb*™* ions for active sites
on the MOF and though the affinity for Pb** ions seem to be higher, the other ions are also bound to the
active sites due to electrostatic drag that exists, thus reducing the capacity of the MOF in terms of Pb™*
ion adsorption. This effect shows that the presence of co-existing ions can not be completely undermined

and should be studied in detail to mitigate their effects and enhance the efficiency of the MOF material.
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6.4 Conclusion

PAN/MOF808 nanofiber mat was prepared by co-electrospinning of MOF808 and PAN polymer and
then used as adsorption filters for removal of Pb (I1) ions to study the effect of the various process
parameters. The volume of the feed treated before the lead ion concentration reached the maximum
allowable limit in drinking water (10 ppb) was determined at different TMPs, membrane thicknesses,
initial feed concentrations and in the presence and absence of co-existing ions. It was found that the lead
adsorption capacity of MOF808 was reduced only moderately in the presence of other background ions.
This slight reduction could be due to the preference of the MOF808 to lead ions or also because the

active sites are different a phenomenon that could be studied in greater details.

It was also found that, reducing the initial feed concentration and lowing the TMP had the greatest
impact in increasing of the treatable feed volume. Our work therefore provides a fundamental backbone
in understanding and developing nanofibrous MOF membranes (NMOM) systems for processing of
contaminated water. Ongoing work in our research will include the testing of the NMOM system for
other complex contaminant solutions like nuclear processed water or processed water from the mining

industry and for developing an in-depth understanding of the background ion effects.
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Chapter 7

Conclusions and Recommendations

The potentials of membrane technology have been exploited and investigated upon through the
development of nanofibrous membranes embedded with metal-organic frameworks (MOFs) and the
experiments on the adsorptive removal of heavy metal ion from aqueous solution. The combined high
surface area and active sites of the MOF and nanofibers make them good candidates for adsorption of
heavy metal ions. The adsorption capacity of the standalone MOFs was tested for removing lead,
mercury, zinc and cadmium. The proof of concept was established using two water stable MOFs; i.e. a
zirconium MOF808 and a commercial iron-based MOF F300 were enmeshed in the nanofiber of two
different polymers (PAN and PVDF) through co-electrospinning. The adsorption capacities of the MOFs
for the different heavy metals analyzed were; MOF 808 (Pb-170.74 mg g%, Zn-287 mg g, Cd-225.05
mg g, Hg-276.96 mg g*) and F300 (Pb-148.13 mg g, Hg-229.66 mg g*) while the adsorption
capacities of the MOF 808 and F300 containing PA membranes were; PA808 (Pb-23.98 mg g, Hg-

50.88 mg g1), PA300 (Pb-30.19 mg g, Hg-53.09 mg g).

MOFs were enmeshed into nanofibers following the electrospinning technique reported by many
membrane experts. The application of these membranes though, is what makes this work interesting.
Gas phase separation has so far been dominating the use of MOFs enmeshed nanofibers. This work, on
the other hand, focuses on the liquid phase separation and shows that it is possible to remove heavy metal

ions. The removal efficiency of these membranes was, at least, as good as other adsorption membranes.

Since it was established during the proof of concept that MOF activation is important in enhancing the

adsorption capacity of the MOF and its corresponding membranes, an activation study was attempted
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using conventional drying, acetone and water washing. These activation techniques were employed by
other researchers mostly for porous materials to enhance their performance. This work is unique, since
these techniques were employed for the performance enhancement of the MOF-nanofiber membranes.
In as much as deactivation occurred with conventional vacuum drying, washing with water brought about
‘hydractivation” with a slight increase in removal capacity of the tested MOF 808 alongside the
PAN/MOF808 nanofibrous membrane. After ‘hydractivation’, the removal efficiency of the MOF for
cadmium ions was improved by 30% averaging with its PAN membrane. This improvement is worth
studying more in details since ‘hydractivation’ is much easier than the supercritical CO> drying process
recommended by some MOF researchers. Further emphasis was then laid on the practical application of
the PAN/MOF808 membrane in the removal of lead ions by studying some governing process
parameters that affect the efficiency of treatment processes. For the practical applications of the novel
MOF-nanofiber membranes, it is indispensable to know the effect of process parameters on the
membrane performance. It must be noted that these parametric studies have not been conducted for the
membranes made of similar materials at this moment, hence comparison could not be done. Among the
parameters studied, reducing the feed concentration of metal ion and the reducing the transmembrane
pressure produced significant results in the volume of feed the membrane could treat per unit surface
area. Therefore, this is an indication that the developed composite membrane could be suitable for
secondary and tertiary stages of waste water treatment. A mathematical model has also been proposed
to enable the prediction of the performance of the membrane based on the process parameters analyzed.
This model shows significant agreements with experimental data but the model could be improved as

stated in the recommendations below.
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7.1 Recommendations

From the data gathered during this project, the developed membrane system and performance results,

this project could be stretched to include the following studies;

It is proven and presented in chapter 3 that the full potential of the metal-organic framework particles is
not completely utilized partly due to agglomeration. It is possible that upon complete utilization of the
MOFs active sites, adsorption capacity could be greatly improved. Further investigations into possible
dispersion techniques that could be coupled with electrospinning to produce completely dispersed MOFs

in the nanofibers.

The feed test solutions used for this project are the synthetic solutions made by dissolving the
corresponding salts, to simulate real life water treatment systems, it is recommended to run all

experiments using real waste water feed collected at the effluent of the treatment center.

All experiments are conducted at room temperature for this project. For a country like Canada with
extreme temperature conditions, it is reasonable to investigate the performance of the MOF membrane
under varied temperature conditions. Though it is known clearly that adsorption is an exothermic process
favoured by lower temperatures, the assumption of enhanced capacity at lower temperatures is too

general, and therefore further investigation is proposed.

The method of quantification of the heavy metals employed in this project is by flame atomic absorption
spectrometry. Since any slight changes in heavy metal ion in treated water has lasting consequences on
the human health, it is important to validate the results obtained by using another method and if possible

more advanced method such as Inductive coupled plasma-mass spectrometry (ICP-MS).
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A more fine-tuned process parameter analysis could be beneficial in developing a complete
understanding of the effects of the process parameters and to create a balance in parameters like

membrane thickness effect and flux.

The mathematical model developed during this work could safely predict the permeate quality with
respect to the considered parameters. This model could be developed further to account for other factors
like nanoparticle agglomeration, membrane pore size, batch systems and also co-existing ion effects,
which will increase the sophistication of the model but make it more application for real life treatment

processes.
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Appendix A: Supporting Information (SI) for

Chapter 3: Metal-organic frameworks supported on nanofibers to remove heavy metals
Johnson E. Efome, Dipak Rana*, Takeshi Matsuura, Christopher Q. Lan

Industrial Membrane Research Institute, Department of Chemical and Biochemical Engineering,
University of Ottawa, 161 Louis Pasteur Ottawa, ON K1N 6N5, Canada

Experimental section

All chemicals were of analytical grade, commercially available from Sigma Aldrich, Alfa Aesar and

Strem chemical, and used as received without further purification.
Synthesis of MOF 808

The crystals were synthesized by facile microwave procedurel, with a modified route from Furukawa et
al.2. Typically, 0.699 g of ZrCl4 and HsBTC (0.210 g) were dissolved in a mixture of N, N-dimethyl
formamide (DMF)/Formic acid (45/45 mL) in a 200 mL boiling flask. The flask was then transferred
into a microwave and irradiated at 400 W for 30 min. The resulting suspension was filtered by
centrifugation, washed with DMF three times (10 mL x 3) and dried at 70 °C for 12 h. Solvent exchange

in acetone and water followed by vacuum drying at 50 °C was also done as an activation route.
MOF F300

This was a commercially purchased MOF from Sigma Aldrich Co., St. Louis, MO, produced by BASF,
Germany and marketed under the name Basolite F300 (CAS # 1195763-37-1, Mw = 262.96 Da) and also
known as Fe-BTC, Iron 1,3,5-Benzenetricarboxylate (BTC). The manufacturer reported it has a BET

(Brunauer, Emmett and Teller) surface area of 1300-1600 m?/g, and bulk density of 0.16-0.35 g/cm?.
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Preparation of electrospinning solution:

PAN solution: 0.5 g of PAN (average Mw = 150 kDa, and density of 1.184 g/cm? from Sigma Aldrich
Co., St. Louis, MO) was added to 5 g of DMF and the solution was placed in a shaker (180 rpm) for 24

h at 50 °C to form a homogenous 10 wt.% solution.

PVDF solution: 1.0 g of PVDF (Mw = 410 kDa; melt viscosity 18.5 £ 2.5 kPoise; melting temperature,
Tm 160.1°C, Kynar® 740 Pellet from Arkema Inc., Philadelphia, PA) pellets was added to 5 mL of DMF
and the mixture stirred overnight (under same temperature and rpm as above) to form a 20 w/v

homogeneous solution.

Preparation of MOF/polymer dope solution: 0.125 g of MOF was primed in 3 g of DMF. Then 0.5 g
of PAN was added with the remainder of 2 g solvent to form a suspension with 20 wt. % MOF loading.

For PVDF, since the viscosity was optimized, MOF loading was kept at a maximum of 16 wt. %.
Preparation of nanofiber membranes and NMOM: Neat membranes

The 10 wt.% PAN/DMF solution was filled into a 10-mL syringe and electrospun at a syringe feed rate
of 0.15mm/min. A voltage of 15 kV was applied to a spinneret of 0.6 mm ID separated from a 140-rpm
rotating drum 15 cm apart. The temperature and humidity were maintained at 25 °C and 40%,
respectively. The nonwoven fibers were collected on aluminum foil and dried at room temperature for
24 h. The 20 w/v PVDF/DMF solution was electrospun at a voltage of 18 kV, syringe feed rate of 0.1

mm/min, and a spinneret collector drum distance of 15 cm.
MOF/PAN nanofibers

The dope solution was electrospun on aluminum foil at 15-17 kV depending upon dope viscosity, 0.15

mm/min syringe feed rate and under the same temperature and humidity as above.

MOF/PVDF nanofibers
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Fibers were also collected on aluminum foil under an applied voltage of 18-20 kV based on dope

viscosity, 0.10-0.12 mm/min syringe feed rate and 15 cm drum-spinneret distance.
Batch adsorption-desorption experiments

The synthetic lead and mercury solution were made by dissolving lead (Il) nitrate and mercury (I1)
chloride, respectively (From Strem chemicals), in distilled water and were further diluted to the required
concentrations. All sample concentrations were measured using flame atomic absorption spectroscopy
(FAAS). To determine the amount of heavy metal adsorbed to MOFs, the difference in concentrations
between before and after adsorption was computed. To reuse membranes after each cycle, the adsorbates,
heavy metals, were desorbed from NMOM. Desorption experiment were carried out using 2 wt. % nitric
acid solution. Since heavy metals precipitation turns to occur at pH >5, all experiments were conducted
below pH 5 i.e., pH 4.6 + 0.2 adjusted using 0.1 M HCl or 0.1 M NaOH. Adsorption kinetics experiments
were performed to determine adsorption rate and the time for the MOF to reach the adsorption
equilibrium. Twenty milligrams (20 mg) of M808 and 10 mg of F300 were used in separate experiments
with 30 mL of 20 ppm lead, and 50 ppm of mercury initial concentration. The samples, collected at

predetermined time intervals, were agitated slowly at room temperature for a total contact time of 3 h.

The adsorption isotherms of the MOF were established by using the same masses of the MOFs as above
but with different initial heavy metal concentrations; Lead (10-1000 ppm), mercury (50-1000 ppm).
From the results of kinetics experiments, 2 h was sufficient for equilibrium to be attained. The membrane
isotherms were established by weighing specific mass of the membrane (with and without MOF) ranging
between 50-70 mg and using the same concentrations and volumes of the heavy metal solutions. The pH
was maintained at 4.6+0.2 by using nitric acid/sodium hydroxide and the temperature was kept at room
temperature. The bound heavy metal was desorbed by soaking the membrane in 30 mL of diluted nitric

acid, to decrease the pH and change the surface charge, under mild agitation for 1 h at room temperature.
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The amount of adsorbate adsorbed per unit mass of adsorbent ge (mg/g) and the distribution coefficient
(mass-weighted coefficient representing the sorbent’s affinity for a sorbate: Kq) are given by equations

(A-1) and (A-2), respectively.

(Co—Ce)V

Ge = (A-1)
Co—Ce V

Ko =S50 #2)

where m (g) is the mass of adsorbent, V (L) is the volume of the solution, Co and Ce are the initial and
equilibrium concentrations (mg/L). Kq values were determined using a 2-ppm solution of the heavy metal

ion with the same volume and mass of sorbent as in the kinetics analysis.

To calculate the percent of MOF available for adsorption, when enmeshed and not enmeshed:

dhax " = dmax * (BNFM) + qnax * (%MOF) (A-3)

where the superscript NFM is the nanofiber mat, NMOM is the nanofiber MOF membrane, MOF is the

metal-organic framework. Gmax js the maximum adsorption capacities of the respective sorbent.

Filtration experiment

Filtration experiments were conducted using a dead-end cell of 300 mL volume capacity and an effective
membrane area of 3.8x10° m2. The test membrane of about 250 pum thickness was sized in a circular

shape and an O-ring was used to compress and seal the setup to prevent leaks. Solution containing 100
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ppb of lead was forced through the membrane by an externally applied pressure (using a nitrogen
cylinder) of 0.4 bar at room temperature to obtain an almost similar flux of 348+25.8 L/m?h. The
permeate was collected at specific time intervals and analyzed to determine the membrane performance.
Upon saturation of the membrane, for re-use tests, the cell was filled with desorption solution (dilute
nitric acid solution) and flushed at a flux of 278 L/m?h. The regenerated membrane was then washed
with deionized water to remove residual desorption solution. The cycle was repeated four times to

determine membrane reusability.
Instrumentations

X-ray diffraction analysis of powder was carried out at room temperature on RigakuUItima IV powder
diffractometer in Bragg-Brentano geometry, using Cu Ko radiation (A = 1.5418 A). The 20 range of 2°

to 32° was covered with 0.02° step width and 2°/min scan speed.

ATR-FTIR analyses of the pristine MOF crystals, heavy metal treated MOFs and the nanofibrous MOF
membranes were carried out using Agilent tech- Cary 630 (Agilent, Canada) spectrometer carrying a
diamond sampling accessory. The samples were pressed on a diamond prism and the infrared spectra
were collected at 4 cm™ resolution, 64 scans within a wave number range of 500-3000 cm™ at room

temperature.

Transmission electron microscopy (TEM) was carried out to investigate MOF crystal shape and size
using a FEI Tecnai F20 apparatus equipped with an Oxford Aztec 80 mm SDD detector. A suspension

of the samples prepared in deionized water was dropped on copper grids and analyzed at 300 kV.

Scanning electron microscopy (SEM) images were taken using a Tescan, Vega-11 XMU equipped with

a 250X EDS, Oxford Inca Energy apparatus. Samples were affixed onto the holder by means of a
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conductive adhesive, then gold coated under vacuum using an Anatech Hummer V11 equipment. Images

were taken at suitable resolutions.

Zeta potential and hydrodynamic diameter were recorded using a Zetasizer nano ZS, Malvern
instrument. The zeta potential was measured as a function of pH using buffer solutions of different pH.
Measurements were carried out using disposable 0.5 mL folded capillary cuvettes and 1 cm length

cuvettes for zeta potential and dynamic light scattering measurements, respectively.

The surface elemental composition was determined by X- ray Photoelectron Spectroscopy (XPS, Kratos
Axis HS, Manchester, UK). The samples were excited using monochromatized Al Ka X-radiation and a
1800 hemisphere analyzer and a three-channel detector was employed. The samples were analyzed for
specific elements at a time in a pressurized chamber (1.33x10* to 1.33x10° Pa) using an X-ray gun
operated at 15 kV and 20 mA. The maximum X-ray penetration depth at 6=0° (sample was perpendicular

to the detector) was 6.3 nm.

The surface characteristics of the synthesized materials were determined by Brunauer—Emmett—Teller
(BET) using nitrogen at 77 K with a Micromeritics 3FLEX volumetric apparatus. Before the nitrogen
adsorption measurements, the samples were degassed under a purge flow of nitrogen of 40 cm®/min at
90°C for 1 h. The data in the relative pressure (P/P0) range 0.05-0.2 were used to calculate the specific

surface area with the BET equation.
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Figure A- 1. PXRD analysis of the MOF crystals and when immersed in water for 48 h.
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Figure A- 3. TEM images of M808 and F300
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Figure A- 4. SEM images of the MOF crystals, M808 and F300
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Figure A- 5A. SEM images of PAN nanofibers. PAN without MOF (PAN), PAN with F300 (PA300) and PAN with MOF
808 (PA808).
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Figure S5B. SEM images of PVDF-MOF nanofibers. PV300 refers to PVDF with F300 incorporated and PV808 refers to
PVDF with M808 incorporated.
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Figure A- 6. Thermogravimetric analysis (TGA) curves for the MOF crystals (M808 and F300) and the NMOM. PV is PVDF

and PA is PAN and the number denotes the MOF particle incorporated e.g. PA300 is PAN with F300 incorporated while
PV808 is PVDF with MOF 808 incorporated.
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Figure A- 8. X-ray photoelectron spectra (XPS) of the pristine MOFs and the MOF after treatment with heavy metal ion. The
similarity of the spectra reveals that the heavy metal ions were not present at surface but inside of the MOF (internal pores).
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Figure A- 13. Linearized sorption data for Hg as fitted by (A) Langmuir, (B) Freundlich, and (C) Temkin Isotherms.
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Figure A- 14. Linearized sorption models for Pb: (A) Langmuir Isotherm, (B) Freundlich Isotherm, and (C) Temkin Isotherm

models.
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Table A- 1 Kinetic model parameters for all three models with the two MOFs.

First order Second order Intra-particle
Adsorbate  [Sorbent k1 l9e [R? Ik loe IR? ki IR2
[F300 [0.025 32.237 ]0.971 |0.880 |J40.013 |0.994 [2.610 0.942
Pb (I1) M808  [0.023 32.256 ]0.969 |0.723 |43.130 |0.994 [2.843 0.934
[F300 [0.028 J25.908 ]0.894 |0.234 |45.436 |0.998 |3.071 0.798
Hg (1) M808 0.052 |42.423 |O.987 |0.196 49.328 0.997 3.386 ]0.795
ki [1/min], k2 [mg/g min], kia [mg/g min], and ge [Mg/g].
Table A- 2. Langmuir model parameters for sorption of Pb (l1).
Sorbent Omax (MQ/Q) Ki (L/mg) R? Kg (ML/g)
F300 148.133 0.014 0.995 2.7 x 10*
M808 170.740 0.014 0.970 1.3 x 10*
PAN 15.097 0.002 0.983 8.1 x 10°
PA808 23.977 0.001 0.980 1.1x10%
PA300 30.193 0.001 0.976 1.4 x 10*
PVDF 13.621 0.002 0.975 6.0 x 10°
PV300 NAL NA NA NA
P\V808 17.191 0.0001 0.945 9.3 x 103

ONA means Not Available
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Table A- 3. Freundlich model parameters for sorption of Pb (11).

Sorbent k n R?
F300 12.181(mg/g (L/mg)*"2.555 0.933
M808 10.471 2.231 0.961
PAN 0.130 1.541 0.956
PA300 0.159 1.442 0.947
PA808 0.056 1.274 0.890
PVDF 0.122 1.566 0.934
PV300 NA NA NA
PV808 0.056 1.274 0.890

Table A- 4. Temkin model parameters for Pb (I1) sorption.
Sorbent B At (L/g) br (J/mol) R?
F300 30.512 0.027 81.201 0.970
M808 40.874 0.027 60.614 0.956
PAN 3.085 0.019 802.981 0.968
PA300 5.056 0.018 490.032 0.984
PA808 3.966 0.017 624.689 0.989
PVDF 2.669 0.020 028.215 0.952
PV300 NA NA NA NA
PV808 3.302 0.016 750.349 0.927
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Table A- 5. Langmuir model parameters for sorption of Hg (I1).

Sorbent Qmax (MQ/g) Ki (L/mg) Ka (MmL/g) RL R?
F300 229.659 0.003 3.1 x 104 0.373 0.992
M808 276.960 0.002 3.9 x 104 0.374 0.995
PAN 28.767 0.003 9.4 x 103 0.478 0.987
PA808 53.088 0.002 2.3 x 104 0.481 0.951
PA300 50.889 0.003 3.1 x 104 0.470 0.965
PVDF 28.640 0.002 5.2 X 103 0.484 0.994
PV300 NA NA NA NA NA
PVv808 42.603 0.001 8.3 x 103 0.485 0.971

Table A- 6. Freundlich model parameters for sorption of Hg (11).

Sorbent k (mgg~*(L/mg)*/™)n R?
F300 4.261 1.841 0.905
M808 2.490 1.519 0.978
PAN 0.693 1.908 0.958
PA300 0.868 1.780 0.917
PA808 0.400 1.540 0.904
PVDF 0.352 1.632 0.978
PV300 NA NA NA
PV808 0.269 1.483 0.936
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Table A- 7. Temkin model parameters for Hg (I1) sorption.

Sorbent B At (L/g) br (J/mol) R?
F300 40.357 0.049 61.391 0.968
M808 60.858 0.027 40.711 0.961
PAN 6.533 0.028 379.249 0.984
PA300 10.544 0.026 234.977 0.951
PA808 0.100 0.021 272.269 0.947
PVDF 6.496 0.021 381.389 0.981
PV300 NA NA NA NA
PVv808 7.475 0.019 331.461 0.966
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Table A- 8. The adsorption capacity, source of metal ion, pH, and time to adsorption equilibrium of Pb and Hg.

Metal Sorbent Adsorption Metal ion pH Time to Reference
ion capacity source adsorption
[ma/g] equilibrium
[min]
Pb Melamine-Zr-MOFs 122 Pb(NOs). 5 120 6
Fes0,@Cus(BTC), 215.05 Pb(NO3), 6 120 7
PVA nanofiber/La-TBC 184 Pb(NOs)2 - 10 8
PVA/Co-MOF 49.64 503 30 9
Cu-terepthalate MOF 80 Pb(NOs3)2 7 120 10
HKUST-1-MW@H3PW1,04 98 7 10 11
Ui0-66-NHC(S)NHMe 232 INA - 240 12
TMU-5 251 NA 10 15 13
MOF 800 170.74 Pb(NO3), 5 50 This study
PA808 119.9 Pb(NO3)2 5 90 This study
PV808 85.95 Pb(NO3)2 5 90 This study
F300 148.13 Pb(NO3), 5 50 This study
PA300 150.95 Pb(NO3), 5 90 This study
Hg PtNP@UiO-66-NH; 206.25 HgCl, 5 30 14
ZIF-90-SH 22 HgCl, - 1440 15
MIL-101-Thymine 52 HgCl, 6 200 16
AMOF-1 78 NA - 1440 16
Fes04@Si0.@HKUST-1 264 HgCl, 3 10 18
Zn(hip)(L)(DMF)(H:0) 333 Hg(NOs), 5 60 19
SH@Si0./Cu(BTC). 210 NA 55 60 20
MOF-74-Zn 63 Hg(NOs), 6 90 21
MOF 800 276.96 HgCl; 5 50 This study
PAB808 254.4 HgCl; 5 90 This study
PV808 213 HgCl; 5 90 This study
F300 229.66 HgCl, 5 50 This study

NA means Not Available
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Appendix B. Supporting Information (SI) for

Chapter 4

Insight Studies on Metal-Organic Framework Nanofibrous Membrane Adsorption and

Activation for Heavy Metal lons Removal from Aqueous Solution

Johnson E. Efome, Dipak Rana*, Takeshi Matsuura, Christopher Q. Lan
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Figure B- 1. Schematic of the batch experimental setup.
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Figure B- 2. The BET plot of the MOF-808 materials.
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PAN - MOF-808
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Figure B- 3. Multilayer nanofibrous membrane with top PAN with MOF-808, and bottom PVVDF used for the filtration
experiment.
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Figure B- 4. Kinetic experimental data showing equilibrium attained within 10 mins for MOF-808
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Table B- 1. Pore characteristics of MOFs.

Sample code [Surface area  |Pore volume  |Average pore
(m?/g) (cm3/g) width (A)

1 039 0.162 18.5

1A 748 0.124 18.1

1B 693 0.105 17.8

1C 1118 0.202 19.2

Table B- 2. Tensile properties of nanofibrous membranes measured at 25°C and room temperature humidity.

Membrane Young’s Yield stresslYield strainElongation atiStress at break
modulus (MPa) (%) break (%) |(MPa)

PAN nanofibers 127.3+41 [0.63+£0.11 B06+43 [26.7+4.1 (0.26+0.13

la (PAN - MOF-808) [1465+6.2 |[1.61+0.37 [340+x78 ¥433+£7.6 [1.02+0.74

Table B- 3. Kinetic parameter for Cd (11) and Zn (1) fitted with three models.

IFirst order

Second order

Intra-particle

Adsorbate  [Sorbent |k l9e [R? k- loe R2 Ikid R?
ICd (1) |[0.023 J35.113 10.987 0.196 |35.281 |[0.997 [1.436 ]0.652
Zn (1) 0.047 39.031 |0.756 |0.853 2.89 |0.998 |0.149 |0.483

k1 [1/min], k2 [mg/g min], kia [mg/g min], and ge [Mg/g].
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Table B- 4a. Freundlich model parameters for sorption of Cd (II).

Sorbent k (mg/g (L/mg)*™ n R?
PAN nanofibrous 0.693 1.908  |0.958
1 3.161 1.761 0.905
la 0.400 1.540 0.904
Table B-4b. Langmuir model parameters for sorption of Cd (I1)
Sorbent Qmax (Mg/Q) Ki (L/mg) RL R?
PAN nanofibrous ~ 21.571 0.003 0.478 0.987
1 225.055 0.003 0.393 0.979
la 43.901 0.002 0.481 0.951
Table B-4c. Temkin model parameters for sorption of Cd (11).
Sorbent B At (L/g) br (3/mol) R?
PAN nanofibrous  [6.533 0.028 379.249 0.984
1 34.273 0.05 72.289 0.968
la 9.100 0.021 272.269 0.947
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Table B-4d. Freundlich model parameters for sorption of Zn (11).

Sorbent k (mg/g(L/mg)Y™ n R?
PAN nanofibrous ~ [1.532 4.608 0.941
1 0.712 1.301 0.953
la 0.226 1.512 0.919
Table B-4e. Langmuir model parameters for sorption of Zn (I1).
Sorbent gmax (MQ/Q) Ki (L mg-1) R?
PAN nanofibrous  (4.888 0.106 0.839
1 287.064 0.003 0.998
la 56.667 0.021 0.840
Table B-4f. Temkin model parameters for Zn (11) sorption.
Sorbent B At (L/g) br (3/mol) R?
PAN nanofibrous  0.897 1.281 2763.264 0.879
1 15.486 0.095 159.991 0.947
la 3.090 0.088 801.773 0.865
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Table B- 5. Selected peaks for activated PXRD spectra showing a shift in peak position in the either lower 20 or
higher 20.

Simulated |1 1A 1B 1C
Peaks 20(°)
111 4.360 4.360 4.865 4.796 3.914
311 8.360 8.360 8.931 8.901 8.011
222 8.726 8.726 0.110 8.995 8.512

400 (10.082 10.082 11.056 |10.989  [9.809

331 |10.982 10.982 11.788 [11.980 [10.482

511 13.100 13.100 13.769  [13.978 [12.864
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Table B- 6. The adsorption capacity, source of metal ion, pH, and time to adsorption equilibrium of Cd (II) and Zn

().

Metal ion |Sorbent /Adsorption Metal ion sourcepH Time to Reference
adsorption
capacity [mg g-1] equilibrium [min]
Cd (Il) HKUST-1- 33 INA 7 30 Yang et al. [1]
Cu-terepthalate MOF|100 Wastewater Cd |7 120 Zou et al. [2]
salt / Sungun
\wastewater
Manganese MOF (176 Cd(NOs3). | 60 Qinetal. [3]
TMU-5 43 Cd(NOs), |10 15 Rahimi and
Mohaghegh [4]
UiO-66- 49 Cd(NOz)2  [TNA 240 Saleem et al. [5]
1 (MOF-808) 225.06 Cd(NO3). 45 10 This Work
1A 160.86 Cd(NO3z). 145 10 This Work
1C 247.51 Cd(NOs3)2 45 10 This Work
la 43.90 Cd(NOs3). 4.5 60 This Work
Zn (1)  [Cu-terepthalate MOF|150 Wastewater Zn |7 120 Zou et al. [2]
salt / Sungun
\wastewater
Activated carbon24.1 INA 6 50 Rao et al. [6]
from Ceibal
Fe304A@APS@AA- 43.4 ZnCl> 5.5 45 Ge etal. [7]
EDTA 74.1 INA 5.5 60 Kumar et al. [8]
functionalized silica
Fe304@MCM-41- NH2 182.0 INA 7 5 Mehdinia et al. [9]
1 (MOF-808) 287.06 ZnCl; 4.5 10 This work
1A 206.64 ZnCl» 4.5 10 This work
1C 312.68 ZnCl» 4.5 10 This work
la 56.67 ZnCl» 4.5 60 This Work

fINA: Not available
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Figure C- 1. Photographic image of the laboratory electrospinning equipment.
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