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Abstract 
Åhlén, M. 2021. Porous Sorbents for Environmental Applications and Selective Laser 
Sintering 3D Printing of Dosage Forms. Digital Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Science and Technology 2080. 78 pp. Uppsala: Acta 
Universitatis Upsaliensis. ISBN 978-91-513-1306-1. 

The rising levels of greenhouse gas emissions from vehicular and industrial pollution constitute 
a serious concern not only for the environment but for our entire society. Traditional gas 
capture and separation techniques, such as amine scrubbing for CO2 gas separation, have been 
commonly used at a commercial scale, however issues relating to high costs and high energy 
requirements for sorbent regeneration have limited the efficiency of many of these techniques. 
The use of porous sorbents, such as metal-organic frameworks (MOFs), has garnered significant 
attention as an alternative method for the capture and separation of greenhouse gases in recent 
years, particularly due to their structural and functional tunability. Thus, part of this thesis 
explores the selective capture of CO2 and SF6 in five new MOFs and mixed-linker zeolitic 
imidazolate frameworks (ZIFs). The CO2 and SF6 adsorption in microporous bismuth-based 
MOFs containing narrow ultramicro-pores (e.g. UU-200) was not found to be correlated to the 
N2-accessible surface area of the framework but was related to pore size effects and possibly 
framework flexibility. Similar mechanisms for SF6 capture were observed in vanadium- and 
gallium-based MOFs (UU-201-4) in which an enhanced van der Waals interaction between the 
gas molecules and the pore surface was obtained due to the pore size of the materials coinciding 
with the kinetic diameter of SF6 (5.5 Å). This further resulted in good uptake capacities as well 
as SF6-over-N2 selectivites above 2.75 mmol g-1 and 43, respectively. Furthermore, the selective 
uptake of CO2 and SF6 could be modified in mixed-linker ZIF-7-8s by tuning of the pore aperture 
size through a controlled incorporation of the bulkier benzimidazolate linker in the frameworks. 

The removal of other environmental pollutants (e.g. phosphates) in porous materials such 
as amorphous mesoporous magnesium carbonate (MMC) was also investigated and showed 
that the material had superior sorption capacities as compared to its crystalline, non-porous 
counterpart. MMC was also found to be a capable functional support for other materials such as 
semiconducting TiO2 and ZnO nanoparticles. The TiO2/ZnO-composite was observed to retain 
the porosity as well as UV-blocking properties of the respective pristine materials. 

A part of this thesis was also devoted to the fabrication of personalized solid dosage forms 
for pharmaceutical applications. To achieve this, 3-dimensional selective laser sintering (SLS) 
printing was utilized to print both purely polymeric and drug-loaded tablets (containing 10 wt. 
% naproxen). The subsequent weight and mechanical strength of the obtained tablets could be 
tuned by either modifying the NIR-active pigment concentration in the powder formulation or 
by changing the laser energy input that is used during the printing process. Amorphization of 
the crystalline drug was also achieved in-situ during printing thus showing that the SLS 3D 
printing may be a promising technique for the manufacturing of solid amorphous dispersions 
with tailorable properties. 
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1. Introduction 

1.1 Greenhouse gas capture and separation 

The rising levels of greenhouse gas emissions related to vehicular and indus-

trial pollution has long been connected to global warming and climate-related 

changes. The wide-reaching implications that such changes may have on our 

society and the environment have led to the implementation of various miti-

gation measures on a global scale. The United Nations Framework Conven-

tion on Climate Change (UNFCCC) Paris Agreement held in December 2015 

aimed to limit the global average temperature increase to within 1.5 ˚C above 

pre-industrial levels by reducing the emission of various greenhouse gases 

(GHGs) [1-3]. GHGs such as carbon dioxide (CO2), methane (CH4), and sulfur 

hexafluoride (SF6), three of the six GHGs specified in the Kyoto Protocol, 

have received significant attention in the last couple of decades due to their 

abundance in the atmosphere (particularly in the case of CO2) and their global 

warming potential (GWP). Atmospheric CO2 levels have risen drastically 

since the dawn of the industrial revolution, increasing from 270 – 275 ppm in 

1750 to 408 ppm in 2018, due in large part to anthropogenic emissions [4]. 

Investments in low-carbon fuels and renewable energy sources (e.g. solar en-

ergy, and wind) may have a positive impact in reducing GHG emission in the 

long-timescale [5]. However, in order to mitigate atmospheric GHG concen-

trations on a short-timescale, methods such as carbon capture and sequestra-

tion (CCS) technologies are crucial and can be used in conjunction as a sup-

port to these long-timescale mitigation measures. Various CCS approaches 

have been implemented over the years including membrane separation, chem-

ical absorption, cryogenic distillation, and adsorption, to name a few [5, 6]. 

Aqueous amine solutions have been used at a commercial scale to capture and 

separate CO2 from flue or combustion gas mixtures with great success [7]. 

However, the high energy requirements for regenerating the solutions along 

with corrosivity and cost issues limit the efficiency of this CCS technology [7, 

8]. CO2 capture and separation on solid porous sorbents, on the other hand, 

offers several potential advantages over organic amine solutions. Such as 

lower energy requirements for regeneration, ease of handling, good uptake 

capacities, as well as separation performances, to name a few [5]. 
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1.2 Porous sorbents for GHG capture and separation 

A wide variety of solid porous sorbents have been investigated for GHG cap-

ture and separation ranging from mesoporous silica, aluminophosphates, po-

rous carbons, zeolites, metal oxides, and metal-organic frameworks, to name 

a few [5, 9, 10]. However, designing an ideal sorbent for GHG applications 

remains a daunting task. GHGs encompass a large group of gas molecules 

with a wide range of different physical properties (Table 1). As such, an ideal 

sorbent must not only possess a suitable pore structure but also appropriate 

surface functionalities in order to effectively interact with these gases.  

Table 1. Physical properties of common gas molecules found in industrially relevant 
gas mixtures (e.g. flue gas and gas mixtures used in high-voltage applications) [11-
14]. 

Gas 

molecule 

Kinetic 

diameter 

(Å) 

Polarizability 

(10-25 cm3) 

Dipole 

moment 

(1018 esu-1 cm-1) 

Quadrupole 

moment 

(1026 esu-1 cm-2) 

CH4 3.82 26.0 0 0 

CO2 3.30 29.1 0 4.30 

H2O 2.65 14.5 1.85 - 

N2 3.68 17.4 0 1.52 

O2 3.46 15.8 0 0.39 

SF6 5.50 65.4 0 0 

The selective adsorption of a sorbate molecule, e.g. CO2, in a porous sorbent 

will be strongly correlated to its pore architecture, surface chemistry, and 

structural arrangement. This puts strict requirements on the properties of the 

sorbent, as the materials need to be tailored to fulfil certain criteria, which in 

general include:  

(i) Having high uptake capacities and selectivities at the required 

working-pressure ranges,  

(ii) Low heats of adsorption,  

(iii) Fast sorption kinetics, 

(iv) High cycling-stability,  

(v) Good chemical and thermal stability. 

 

The criteria may however change depending on the real-life working condi-

tions. Chemical adsorption (i.e. high heats of adsorption) of CO2 may be pre-

ferred in temperature-swing adsorption-based (TSA) applications where the 

sorbent is regenerated during the heating process. However, such sorption 

mechanisms would not be suitable for pressure/vacuum-swing adsorption 

(PSA/VSA), when a decrease in pressure or vacuum is used for regeneration. 

The pressure range at which the capture and separation process should occur 

at also needs to be taken into consideration, i.e. whether it be for low- or high-
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pressure applications. Although this does not in general change the above-

mentioned sorbent requirements, as the surface chemistry and porosity play 

key roles in their overall performance. Microporous sorbents, such as zeolites 

and metal-organic frameworks, or nitrogen functionalized materials such as 

amine-modified mesoporous silica may be well-suited for low-pressure cap-

ture of e.g. CO2 due to their narrow pore size, high surface area and/or surface 

functionality [15, 16]. While mesoporous materials like non-modified meso-

porous silica and porous carbons may perform well at high-pressure capture 

of GHGs due to their large pore volumes [16]. 

The total pressure in many industrially relevant gas mixtures (such as flue 

gas or gas mixtures from high-voltage applications) are usually approximately 

1 bar, which may be highly suitable for microporous sorbents. The GHG par-

tial pressures in such mixture often remain relatively low, commonly 0.15 bar 

CO2 in flue gas and 0.10 bar SF6 in insulting gas mixtures. Zeolites and na-

noporous carbons have remained popular sorbents for GHG capture and sep-

aration at pressures below 1 bar. However, the structural and functional tuna-

bility of metal-organic frameworks, a relatively new class of porous materials, 

have started to garner particular attention in this field. 

1.3.1 Metal-organic frameworks 

Coordination compounds are widespread in our environment and can be found 

in many well-known synthetic pigments such as Cobalt Yellow 

(K3[Co(NO2)6]⸱H2O] [17] and Prussian Blue (Fe4
3+[Fe2+(CN)6]⸱H2O)) [18]. 

Little was known regarding their structural and chemical properties until the 

late 1800s when Alfred Werner and Karl A. Hofmann conducted thorough 

studies on molecular (i.e. Werner complexes [19]) and extended (i.e. Hofmann 

clathrates [20]) coordination complexes. Valuable insights into the coordina-

tion environment around the metal ions and the subsequent stability of the 

complexes were revealed. Notably, the layered 2D porous clathrate 

Ni(CN)3(η6-C6H6), composed of alternating octahedral and square planar Ni2+-

ions interlinked with CN--ions, was observed to selectively absorb various or-

ganic molecules, such as benzene, phenol, pyrrole, and furan in its cavities. 

Substitution of the terminal ammonium ligands, located on the octahedral 

Ni2+-centres, with larger α,ω-diaminoalkanes in similar clathrate structures 

was found to result in an extension of the interlayer distances. Which further 

expanded these cavities enabling the absorption of larger guest molecules [21-

23]. The first structures composed entirely of metal cations interlinked with 

organic ligands (later called coordination networks) were reported in 1959 by 

Kinoshita et al., Saito, and co-workers [24-26]. In particular, 

[Cu(ADI)2](NO3),  ADI = adiponitrile, was particularly notable due to its in-

terpenetrated 3-dimensional structure. Many Cu-based coordination networks 

were synthesized during the following decades, ranging from non-interpene-
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trating networks such as [Cu(Cu-TPP)](BF4) [27] (TPP = tetrapyridyl-func-

tionalized porphyrin ligands) to the 3D framework [Cu(4,4´-

bpy)1.5](NO3)(H2O)1.25 [28] (4,4´-bpy = 4,4´-bipyridine) synthesized by Yaghi 

et al., Groy, and co-workers in 1995 and from which the term metal-organic 

frameworks (MOFs) was first coined [29-31]. 

Figure 1. Structures of some common metal-organic frameworks; MOF-5 
[Zn4O(C8H4O4)3], HKUST-1 [Cu3(C9H3O6)2], MIL-53(Cr) [Cr(OH)(C8H4O4)], and 
Ni-MOF-74 [Ni2(C8H2O6)] [32-35]. 

Although sorption of small molecules had previously been observed in many 

Werner complexes and Hofmann clathrates, permanently porous frameworks 

had up until this point remained elusive. The structural collapse that was ob-

served in many coordination complexes upon the removal of entrapped guest 

molecules was however found to be preventable by the introduction of 

charged organic ligands into the frameworks, which significantly increased 

their structural stability. The concept of secondary building units (SBUs) was 

presented to describe the polynuclear metal clusters which make up a key part 

of the frameworks and would later play an important role in launching the 

field of reticular chemistry [29]. The first permanently porous MOFs were 
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successfully obtained towards the end of the 1990s from a combination of dif-

ferent SBUs and polytopic charged ligands; namely, MOF-2 

(Zn(BDC)⸱(DMF)⸱(H2O)) [36], and MOF-3 (Zn3(BDC)3⸱6CH3OH) [37], 

where BDC = 1,4-benzenedicarboxylate, BTC = benzene-1,3,5-tricarbox-

ylate, and DMF = N,N’-dimethylformamide [29, 31]. Reversible Type I iso-

therms (according to IUPAC classifications [38]), characteristic for mi-

croporous sorbents, were observed for the materials. The calculated surface 

areas of the MOFs were found to range between approximately 150 – 300 m2 

g-1, which, by today’s standard, can be considered to be low. However, the 

frameworks were found to have appreciable CO2 uptakes (~1.4 – 3.0 mmol g-

1). The prototypical frameworks MOF-5 (Zn4O(BDC)3⸱(DMF)8⸱(C6H5Cl)) 

[39] and HKUST-1 (Cu3(BTC)2(H2O)3) [40], were developed during the same 

period by Li et al., Yaghi, and co-workers and Chui et al., Williams, and co-

workers, respectively. The frameworks were among the first highly porous 

compounds synthesized, having a recorded surface area between 1000 – 3000 

m2 g-1 and pore volumes ranging from 0.33 – 0.58 cm3 g-1. The MOF field has 

since expanded significantly and diverse classes of structures with various 

properties have been developed, such as flexible MOFs (e.g. MIL-47 

(V(BDC)) [41], MIL-53 (Cr(OH))(BDC)) [42]), highly stable MOFs (e.g. 

UiO-66 (Zr6O4(OH)4(BDC)6) [43], MIL-101(Cr) (Cr3F(H2O)2O[(O2C)-C6H4-

(CO2)]3⸱nH2O) [44], and conductive MOFs (e.g. Fe(1,2,3-triazolate)2 [45] and 

[Fe2(chloranilate)3][(Me2NH2)2] [46] (chloranilate = Cl2dhbq). 

As mentioned previously, the introduction of SBUs has had a large influ-

ence on the field of reticular chemistry. The possibility to predict and design 

the structural and chemical properties of a MOF, to varying degrees, may sig-

nificantly reduce the time and cost of making a sorbent with targeted proper-

ties. The framework architecture of a MOF may be tailored by e.g. exploiting 

the relationship between the geometry of the SBUs and the connectivity and 

shape of the organic linkers. Such as in the case of MOF-177, (Zn4O(BTB)2 

(BTB = 4,4’,4’’-benzene,1,3,5-triyl-tribenzoate). An increase in pore volume 

by a factor of 2.7 as well as an increase in surface area was obtained by ex-

panding the tritopic linker, BTB, resulting in the formation of an isostructural 

framework, MOF-200, (Zn4O(BBC)2 (BBC = 4,4’4,’’-(benzene-1,3,5-triyl-

tris(ethylene-2,1-diyl)tribenzote)) [47]. Heterogeneous MOFs (also called 

multivariate MOFs, MTV-MOFs) were also recently developed where frame-

work structures containing SBUs with multiple metals (e.g. 

(Ni2.07Fe0.93O)2(TCPP-Co)3 and (Mn1.45Fe1.55O)2(TCCP-Ni)3 [48], (TCPP = 

5,10,15,20-tetra(4-carboxyphenyl)porphyrin)) as well as mixed-linkers 

(MTV-MOF-5 (ZnO4(x-BDC)3, where x = H, NH2, Br, NO3, (CH3)2, C4H4, 

(OC3H5)2 and (OC7H7)2 [49]) were successfully attained [31]. 

The chemical composition and network topology of MOFs make them ra-

ther unique in the field of porous materials. However, tetrahedral topologies, 

akin to those seen in zeolites, remained scarce up until the mid-2000s when 

Huang et al., Chen and co-workers [50] and Park et al., Yaghi, and co-workers 
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[51] were able to synthesize porous zeolite-like MOFs using divalent cations 

and imidazolate-based linkers. The angle between the (M2+-Im-M2+) bonds in 

such structures, aptly named zeolitic imidazolate frameworks or ZIFs for 

short, were found to coincide with the 145˚ angle in the (O-T-O) primary units 

of zeolites (Im = imidazolate, and T = tetrahedrally coordinated atoms such as 

Si and Al). Thus, the strong bonding interactions between the metal ions and 

charged imidazolate linkers combined with their geometrical orientation re-

sulted in the formation of permanently porous and highly robust framework 

structures [29]. 

Figure 2. Structures of four zeolitic imidazolate frameworks (ZIFs) showing some of 
their pore-limiting aperture; ZIF-3 (Zn(Im)2, Im = imidazolate) [Zn(C3H3N2)2], ZIF-7 
(Zn(bIm)2, bIm = benzimidazolate) [Zn(C7H5N2)2], ZIF-8 (Zn(mIm)2, mIm = me-
thylimidazolate) [Zn(C4H5N2)2], and ZIF-71 (Zn(dcIm)2, dcIm = 4,5-dichloroimid-
azolate) [Zn(C3HCl2N2)2] [52-55]. 

 

Numerous ZIFs have since been synthesized containing various metals (e.g. 

Zn2+, Co2+, and Fe2+) and imidazolate-based linkers [29, 51, 56, 57]. Similar 

to conventional MOFs, the structural and functional tuning of ZIFs may be 

achieved by introducing linkers with specific functional groups and/or by in-

creasing their steric bulkiness. The utilization of linkers containing reactive 
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groups, such as 1H-imidazole-2-carbaldehyde (aIm), enabled the ZIF frame-

works to be functionalized post-synthetically. Treatment of ZIF-90 

(Zn(aIm)2), with either a reducing agent or an amine compound, produced two 

new ZIF structures, ZIF-91 and ZIF-92, which either possessed hydroxyl or 

amine moieties, respectively [58]. Manipulation of both the pore-limiting ap-

ertures as well as cage sizes could further be achieved by introducing Im-link-

ers of different sizes and shapes. Which could be achieved through the incor-

poration of a single or multiple linkers [59]. Thus, various approaches have 

been developed for tailoring the structural and functional characteristics of 

ZIFs in a more predictable manner, which is crucial when designing a sorbent 

for gas capture and separation purposes [29]. 

1.3.2 Mesoporous magnesium carbonate 

Amorphous mesoporous magnesium carbonate (MMC), first synthesized 

from a template-free sol-gel reaction by our group in 2013 [60], is a relatively 

new addition to the magnesium carbonate (MgCO3) family [60, 61]. The struc-

ture, containing approx. 14 – 18 wt.% magnesium oxide (MgO), was found to 

be composed of hierarchically aggregated clusters of MgCO3-coated MgO na-

noparticles and large MgCO3 particles, both being approx. 30 nm in size with 

the individual nanoparticle ranging from 2 – 5 nm. The formation of both reg-

ularly and irregularly shaped pores was obtained throughout the material and 

the average pore size was found to range from 3 – 20 nm, depending on the 

synthesis conditions [61]. 

 

Figure 3. Scanning electron microscopy images of MMC showing the morphology 
of the material. 

 

The biocompatible [62, 63] and mesoporous nature of MMC has made it an 

attractive material for various applications. It has been found to be an effective 

solid carrier and stabilizer of amorphized poorly soluble drugs such as ibu-

profen [64-67], celecoxib [68], cinnarizine [68], and griseofulvin [68]. As well 

as a capable sorbent of azo dyes like amaranth, acid red, and reactive black 

[69]. 
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2. Additive manufacturing 

Additive manufacturing (AM) comprises a wide range of technologies that 

utilize computer-aided design (CAD) and a layer-by-layer deposition method 

to create 3-dimensional structures. It is an inherently distinct method com-

pared to traditional manufacturing procedures and remains one of the few 

techniques from which structures of immense geometrical complexity and in-

tricacy may be obtained with relative ease. This, in conjunction with addi-

tional cost benefits relating to the manufacturing process, has not only con-

tributed to the rising popularity AM technologies within the field of academic 

research but also in the private sector. 

Numerous AM processes, focusing mainly on metals, ceramics, and poly-

mers materials, have been developed during the last couple of decades. AM 

methodologies (also referred to as 3D printing from now on) for polymeric 

materials can, in general, be divided into five categories, namely [70, 71]: 

• Material extrusion: polymeric materials (often in the form of fila-

ments, pastes, or gels) are fed and deposited through a heated nozzle 

onto a build-plate. Specific material extrusion techniques include 

fused deposition modelling (FDM) [72], 3D dispensing, and 3D bio-

plotting [73]. 

• Material jetting: structures are built from the deposition of a poly-

meric liquid (e.g. a photopolymer or thermoplastic) which is solidi-

fied by UV-curing or cooling. Inkjet printing-based techniques are 

encompassed in this category [70]. 

• Binder jetting: liquid binding agents are used to selectively fuse areas 

of a polymeric powder bed in a continuous layer-by-layer process 

[70]. 

• Sheet lamination: thin sheets of material are stacked and fused 

(through the use of e.g. adhesives, heat, or clamping) and subse-

quently cut into their specific shapes using lasers or blades [74]. 

• Vat photopolymerization: structures are obtained from selective 

polymerization and curing of a liquid photopolymer in a vat. Tech-

niques include two-photon polymerization (2PP), digital light pro-

cessing (DLP), and stereolithography (SLA) [70]. 

• Powder bed fusion: areas of a heated polymeric powder bed are se-

lectively sintered using a laser (e.g. infrared, near-infrared, visible 

light, or CO2 lasers), and the structures are built from a successive 

fusion of the printed layers [75]. 

2.1 Selective laser sintering 3D printing 

As previously mentioned, powder bed fusion or selective laser sintering 

(SLS), is an AM technology that utilizes a laser to selectively fuse and coa-
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lesce polymeric powders into specific shapes. The surface of the build cham-

ber in a printer is usually heated to a couple of degrees below the melting 

point, for a semi-crystalline polymer, or within a certain temperature range for 

amorphous polymers. The laser is thereafter scanned across the surface of the 

powder bed in a raster pattern, fusing the particles together. A subsequently 

new layer of powder is thereafter applied onto the partially sintered surface 

and the process is repeated [76]. The quality and properties of a printed struc-

ture are affected by a number of different parameters. Of which the most no-

table ones are: 

Polymer properties: the crystalline state of the polymer plays a key role in 

determining the temperature range at which the polymers need to be pro-

cessed. Amorphous polymers are required to be heated near their flowing 

point (Tf) prior to sintering. This enables the laser to supply enough energy to 

heat the exposed powder particles above their Tf and thus enable the sintering 

of the polymer. Determination of the Tf may in many cases be difficult and is 

usually estimated by trial-and-error. Additional problems may also arise dur-

ing the printing process of an amorphous polymer relating to the flowability 

of the powder, as the polymer is required to be maintained at temperatures 

between its glass transition point (Tg) and Tf,. The viscous state of the material 

at those temperatures may lead to issues in spreading powder across the print 

bed. Insufficient fusion of the particles, due to the same reasons, may also 

follow which lead to the formation of weak structures of low density and in-

adequate mechanical strength [77]. 

In the case of a semi-crystalline polymer, the determination of the printing 

temperature becomes somewhat more simplified. Similarly, to amorphous 

polymers, the materials need to be heated above their Tg points. However, the 

crystalline regions in the materials prevent the polymers from becoming too 

viscous and the powder flowability is affected to a lesser degree. The printing 

process is further carried out between the melting (Tm) and crystallization (Tc) 

points (often called the sintering window, see Figure 4) of the polymer. 

Briefly, the material is heated slightly below its Tm and the powder particles 

subsequently melted when exposed to the laser beam. Effectively leading to a 

complete merging of the particles. The molten polymer is thereafter cooled 

and solidified as the temperature of the bed is lowered below the Tm again. It 

is of crucial importance that the Tm and Tc are located at sufficiently different 

temperatures, as rapid crystallization would occur if the temperature of the 

melt reaches the Tc, which could lead to warping or curling of the printed lay-

ers [76, 77]. 
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Figure 4. DSC thermogram showing the temperature range corresponding to the sin-
tering window of a polymer. 

Additional properties related to the particle morphology and size, laser ab-

sorbance (e.g. addition of highly absorbing pigments are usually required for 

infrared, near-infrared, and visible light lasers), thermal conductivity, melt 

viscosity, heat capacity (cp), and enthalpies of crystallization and fusion (ΔHk 

and ΔHm), to name a few, have a large impact on the printability of a polymer 

[77]. 

Instrument properties: The composition, yield, and quality of the printed 

structures are also heavily dependent on the construction of the SLS printer. 

One of the most crucial aspects refers to the heating of the build surface. In-

frared lamps are usually located above the powder beds along with additional 

wall heaters, which maintain the temperature in the build/feed areas and cav-

ities. Temperature gradients across the build surface (e.g. from the corners to 

the center) may vary up to 5 ˚C, which limits the area on which well-sintered 

structures may be obtained. Issues of curling, warping and/or in-homogeneous 

sintering of the powder particles may be seen if the layers are printed on a 

surface with a too-large temperature distribution [78]. 

The degree to which a polymer is sintered can be controlled either by alter-

ing the temperature across the build surface or by changing the scan speed of 
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the laser and the degree of laser overlap between the printed lines (i.e. by con-

trolling the laser energy density per time unit or per area). The layer thickness 

may also determine the overall structural durability, as the penetration depth 

of the laser in general needs to be sufficiently large to fuse each subsequent 

layer together. This also ties in with the powder application process. The most 

common forms of powder application in today’s SLS printers utilize roller 

coaters, blades or cartridges which either spreads the powder from the reser-

voir chamber to the build surface or by dispensing it from a cartridge. The 

size, geometry, speed, and surface properties of the spreaders have an effect 

on the homogeneity of each layer. A specific or a combination of spreaders 

may be preferred depending on the physical properties of the powders [78]. 

Thus, a proper understanding of the physical properties of a polymer and 

the construction of an SLS printer is required in order to obtain printing struc-

tures of suitable quality and mechanical strength. 



 

 22 

2. Aim of this thesis 

This thesis aims to delve into two highly relevant yet separate areas of re-

search, namely, the utilization of porous materials for environmental applica-

tions and 3D printing of solid dosage forms for pharmaceutical purposes. 

As has been mentioned previously in Section 1.2, the versatile nature of many 

porous materials makes them excellent candidate sorbents for various envi-

ronmental applications ranging from greenhouse gas capture and separation to 

the removal of environmental water pollutants. As such, this thesis aims to 

investigate the gas sorption properties and kinetics of microporous metal-or-

ganic framework and zeolitic imidazolate framework materials. As well, as 

study the performance of mesoporous magnesium carbonate as a functional 

UV-blocking support and as a sorbent for phosphates. 

Selective laser sintering has been shown to be a powerful additive manu-

facturing technique from which high volumes of polymer-based structures of 

varying sizes and geometries may be obtained in a straightforward and rela-

tively quick manner. Making it an interesting and promising technique for the 

manufacturing of personalized solid dosage forms. 

To summarize, this thesis aims to present: 

• The selective CO2 and SF6 capture in five new metal-organic frame-

work materials and mixed-linker zeolitic imidazolate frameworks. 

• The utilization of mesoporous magnesium carbonate as a functional 

support for TiO2 and ZnO nanoparticles. 

• The capture of phosphate pollutants on pristine mesoporous magne-

sium carbonate. 

• And the utilization of selective laser sintering 3-dimensional printing 

for the fabrication of naproxen-loaded solid dosage forms for person-

alized medicines. 
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3. Methodology 

3.1 Gas sorption techniques 

Gas adsorption forms one of the fundamental techniques for characterizing 

micro- and mesoporous materials. It plays a key role in evaluating their per-

formances for a number of important applications ranging from gas separa-

tion, energy storage, catalysis, and drug delivery, to name a few. 

Adsorption, a term first coined by Kayser in 1881 [79], involves the enrich-

ment of gas molecules (gas – solid) or a dissolved species (liquid – solid) on 

a solid surface or at an interface [38, 80]. The resulting adsorbate – adsorbent 

(molecule – solid) interactions may either be largely governed by weak van 

der Waals forces (physical adsorption or physisorption) or lead to the for-

mation of strong covalent bonds (chemical adsorption or chemisorption). All 

sorbate-sorbent interactions discussed in this thesis are physisorption-based 

and thus chemisorption will not be discussed further. Physisorption-based in-

teractions are, aside from weak intermolecular forces, also influenced by var-

ious molecular interactions such as field-dipole, field gradient-quadrupole, 

and polarisation. As such, the physical properties of a sorbate (examples are 

given in Table 1) play an equally important role when evaluating the gas sorp-

tion properties of porous sorbents. 

Two gas sorption techniques and various mathematical models, presented 

below, were utilized in this thesis to study the porosity as well as the adsorp-

tion kinetics and thermodynamics in microporous metal-organic framework 

materials and mesoporous magnesium carbonate-based composites. 

Manometric gas sorption measurements were carried out on a Micromerit-

ics ASAP 2020 surface area analyzer. Gas sorption isotherms were recorded 

either at 77 K using liquid nitrogen or between 273 – 303 K using water or a 

water-ice slurry bath. 

3.1.1 Manometric gas sorption methods 

The adsorption of a gaseous sorbate on a solid sorbent at isothermal and iso-

baric conditions can, in a simplified system, be described as follows: 

(i) The sorbate concentration beyond a distance r from the sorbent sur-

face corresponds to the bulk phase, cb. 
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(ii) The concentration (or the corresponding number of adsorbed mole-

cules), na, within a distance r from the sorbate surface can be de-

scribed by a function dependant on r. 

(iii) And the sorbate concentration can be assumed to be zero within the 

sorbent material. 

The gas uptake, or in this case the surface access amount of sorbate, nσ, can 

be described according to the Gibbs model as: 

𝑛𝜎 = 𝑛 − 𝑐𝑏𝑉𝑟𝑒𝑓 (1) 

Where n is the total amount of sorbate in the system and Vref is the volume of 

a reference system in which adsorption is negligible. In manometric or volu-

metric gas sorption, Vref, along with a void or sample volume, Vsample, are usu-

ally measured using an inert gas such as helium. A typical adsorption meas-

urement is usually carried out by dosing a certain known amount of sorbate 

into the reference volume after which the gas is allowed to expand into the 

sample volume (which contains the activated sorbent) until thermodynamic 

equilibrium is reached. The process is then repeated in increments, with re-

spect to pressure, until the saturation pressure for the gas, P˚, is reached (e.g. 

N2 measurements carried out at 77 K and 1 bar) or until the pressure in the 

system is near 1 bar. The amount of gas adsorbed per gram sorbent at each 

equilibrium pressure can thus be calculated using either the ideal or real gas 

law equations in a fairly straightforward manner. Further, the accessible sur-

face area (or probe accessible surface area, which is dependent on the sorbate 

molecule), pore architecture, and pore volume can be estimated using N2 iso-

therms recorded at 77 K. Nanoporous materials can, according to IUPAC def-

initions [38], be categorized into three classes depending on their pore widths, 

namely, (i) microporous (containing pores of a width below 2 nm), (ii) meso-

porous (pores with widths between 2 – 50 nm), and (iii) macroporous (pores 

widths greater than 50 nm). Thus, various mathematical models can be utilized 

to calculate the specific surface areas, pore sizes, and pore volumes of a 

sorbent depending on its pore size. 

3.1.1.1 Models for evaluating specific surface areas 

For microporous materials, the adsorption of N2 molecules at 77 K (i.e. mi-

cropore filling) occurs rapidly at low relative pressures due to an enhanced 

interaction between the sorbate and the surface of the pore walls. The narrow 

pore dimensions only enable a monolayer of molecules to adsorb in the pores 

at most and as such, a plateau is eventually reached in the isotherm. The Lang-

muir model has been found to appropriately describe the shape of such iso-

therm using the following equation [80, 81]: 
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𝑛 = 𝑛𝑚

𝑘𝑃

1 + 𝑘𝑃
 

(2) 

Where n refers to the uptake capacity at pressure P, nm the monolayer capacity, 

and k is an energetic constant given by equation 3. 

𝑏 = 𝑒𝑥𝑝 (
𝐸𝑎

𝑑𝑒𝑠 − 𝐸𝑎
𝑎𝑑𝑠

𝑅𝑇
) (3) 

A plot of P/n vs P should thus yield a straight line with slope 1/nm for a mi-

croporous material. Further, the Langmuir specific surface area (SSA) of a ma-

terial may be calculated from nmax using the following expression [80, 81]: 

𝑆𝑆𝐴𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 = 𝑛𝑚𝑎𝑚𝑁𝐴 (4) 

Where am is the average area occupied by a sorbate molecule in the complete 

monolayer and Na the Avogadro constant. It is however important to note that 

although many N2 isotherms may be described by the Langmuir model, the 

characteristic reversible Type I isotherms (see IUPAC classifications for fur-

ther information [38]) obtained from microporous sorbents cannot accurately 

be explained by the model from a physical point of view. As the adsorption of 

small sorbate molecules in some micropores may not be able to form a com-

plete monolayer on the pore surface which leads to an erroneous estimation of 

the surface area [80]. 

Similarly, the Langmuir-based Brunauer-Emmet-Teller (BET) model is 

commonly used to estimate the SSA of mesoporous materials. Multilayer ad-

sorption is often observed in mesopores due to their significantly larger pore 

dimensions as compared to the kinetic diameter of N2 molecules. As such, the 

model assumes the initial formation of a complete monolayer on the pore walls 

upon which subsequent layers can form as the pressure in the system in-

creases. Similar to the Langmuir model, only a single type of adsorption site 

is assumed in each monolayer and negligible lateral interaction between sorb-

ate molecules is assumed to take place. The preceding layers also act as ad-

sorption sites for the subsequent layers and are presumed to have the same 

characteristics as the bulk fluid phase. Thus, the BET model can be mathe-

matically expressed in its linear form by the following equations [38, 80, 82]: 

𝑃 𝑃°⁄

𝑛(1 − 𝑃 𝑃°⁄ )
=

1

𝑛𝑚𝐶
+

(𝐶 − 1)(𝑃 𝑃°⁄ )

𝑛𝑚𝐶
 (5) 

  

𝐶 ≈ 𝑒𝑥𝑝 (
𝐸1 − 𝐸𝐿

𝑅𝑇
) (6) 
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Where n is the specific amount sorbate adsorbed at the relative pressure P/P˚ 

and temperature T, nmax the monolayer capacity, E1 the energy of adsorption 

for the first layer, EL the enthalpy of liquefaction, and R the ideal gas constant  

A BET surface area plot of [(P/P˚) / (n(1-P/P˚))] vs P/P˚ should thus pro-

duce a linear region between 0.05 ≤ P/P˚ ≤ 0.35 with slope [(C-1) / nmaxC] and 

intercept equal to (1 / nmaxC). The SSABET can further be calculated according 

to [80]: 

𝑆𝑆𝐴𝐵𝐸𝑇 =
𝑛𝑚𝜎𝑚𝑁𝐴

𝑚
 (7) 

Where σm represents the cross-sectional area and m the mass of the sorbent. 

3.1.1.2 Pore size distributions and pore volume calculations 

One of the more recent and advanced methods for calculating the pore size 

distributions (PSD) of microporous sorbents has been using non-local density 

functional theory (NLDFT). The method involves a comparison between the 

experimentally obtained isotherm with a set (also known as kernels) of theo-

retically derived isotherm and their corresponding PSDs. The theoretical iso-

therms, calculated using statistical mechanical methods, are specific for a set 

of materials with detailed pore geometries (e.g. cylindrical or slit pores), sorb-

ate-sorbent, and sorbate-sorbate interactions. As, such NLDFT kernels have 

been developed for various sorbent systems, ranging from microporous mate-

rials such as zeolites and carbons, to mesoporous and hierarchically ordered 

porous materials. Although the method does not take into account structural 

and chemical heterogeneities of the pore surface, NLDFT remains as one of 

the more accurate methods for calculating PSDs of microporous (and meso-

porous) materials [83]. 

The Barrett-Joyner-Halenda (BJH) method [84] has been widely used to 

calculate both the specific pore volume and pore size of mesoporous materials. 

Based on a modification of the Kelvin equation, the BHJ method correlates 

the relative gas pressure to the mesopore radius using the film thickness (cal-

culated using a t-plot) of the sorbate in the pores. The mesopore volume can 

be calculated from either the desorption or adsorption branch of the isotherm 

using the equations below: 

𝑉𝑝,𝑛 =
𝑟𝑝,𝑛

2

(𝑟𝑘,𝑛 + ∆𝑡𝑛)
2 ∆𝑉𝑛 −

𝑟𝑝,𝑛
2

(𝑟𝑘,𝑛 + ∆𝑡𝑛)
2 ∆𝑡𝑛 ∑

𝑟𝑝,𝑖 − 𝑡𝑖

𝑟𝑝,𝑖
𝐴𝑝,𝑖

𝑛−1

𝑖=1

 (8) 

 
 

𝐴𝑝 =
2𝑉𝑝

𝑟𝑝
 (9) 
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log (𝑃 𝑃°
⁄ ) =

−4.14
𝑟𝑘

 (10) 

Where Vp represents the pore volume, rp  the pore radius, rk the inner capillary 

radius of the sorbate layer of thickness t located on the surface of the pore, 

ΔVn the volume of sorbate adsorbed/desorbed at the nth step, and Ap the mean 

area of the capillary during the adsorption/desorption [84]. 

3.1.2 Gravimetric gas sorption methods 

Gravimetric-based gas sorption methods have commonly been used to inves-

tigate gas adsorption kinetics in porous materials. More specifically, thermo-

gravimetry (or thermogravimetric analysis, TGA) was the chosen method to 

study the adsorption kinetics of CO2 and/or SF6 on various microporous metal-

organic framework materials. Gas sorption experiments are usually carried out 

by first heat-treating the sorbents in an inert atmosphere at elevated tempera-

tures in order to desorb any adsorbed guest species (e.g. solvent molecules and 

moisture). The gas adsorption measurements are then conducted on the acti-

vated materials at near ambient conditions and the mass sorbate uptake rec-

orded as a function of time. Gravimetric methods offer certain advantages over 

manometric methods when it comes to studying adsorption kinetics, such as; 

i) increased accuracy due to the usage of highly sensitive electronic 

balances, 

ii) measurements may be performed on a couple of milligrams of 

sample, and 

iii) the adsorption kinetics of small gaseous molecules such as CO2, 

which may adsorb within a couple of minutes, can be determined 

with greater accuracy [85]. 

The adsorption kinetics in this thesis were carried out on a Mettler Toledo 

TGA/DSC 3+ using N2 as purge gas and CO2 or SF6 as adsorbates. 

3.2 Electron microscopy 

3.2.1 Scanning electron microscopy 

Scanning electron microscopy (SEM) has frequently been used to study the 

microstructure and bulk chemistry of various materials including porous 

sorbents. The technique uses a focused electron probe, produced from e.g. a 

LaB6 cathode or a field emission gun (FEG), to scan the surface of a material 

in a raster pattern. Interactions between the incoming primary electrons and 

the specimen produce various secondary signal throughout the local sample 
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volume (also known as the interaction volume). The emission of secondary 

electrons (SEI and SEII, electrons emitted from inelastic scattering), backscat-

tered electrons (BSE, elastically scattered electrons), and characteristic X-rays 

specific to the elements in the sample constitute some of the signals that give 

valuable information about the specimen. The yield of each signal is governed 

by both the instrument settings and the properties of the sample. For example, 

beam-sensitive specimens (e.g. some metal-organic framework materials and 

amorphous mesoporous metal carbonates) may be imaged using low acceler-

ation voltages and probe currents in order to reduce beam damage. The surface 

topography of the materials may also be appropriately studied using secondary 

electrons at such settings. Energy-dispersive spectroscopy (EDS) can be car-

ried out in conjunction with the imaging in order to analyze the bulk chemical 

composition of the specimen, however, higher acceleration voltages are usu-

ally required, especially if the sample contains heavy elements (e.g. transition 

metals) which in turn reduces the spatial resolution [86]. 

All samples in this thesis were sputter-coated using a thin layer of Ag/Pd 

prior to analysis (due to the materials having low-conductivity) and imaged 

using Zeiss SEM instruments (Zeiss LEO 1550 in paper I, Zeiss LEO 1530 in 

paper II, and a Zeiss Merlin Field Emission SEM in paper III-IV). EDS anal-

ysis was carried out on non-coated samples using a Hitachi TM3000 table-top 

microscope. 

3.2.2 Transmission electron microscopy and electron diffraction 

A transmission electron microscope (TEM) may be used to study various 

properties of a specimen, ranging from its nanostructure and chemical com-

position to its crystal structure. Electrons emitted from the electron gun are 

usually accelerated at 200 kV and focused into a parallel beam that is trans-

mitted through a thin specimen. The sample may typically be imaged in bright 

field (BF) or dark field (DF) mode where the contrast in the images are pro-

duced from variations in the thickness and/or mass of the specimen or from 

local variations in the crystal structure/orientation. As such, the physical com-

position of a composite material (e.g. particle size, morphology, composition) 

can in a straightforward manner be analyzed. High-resolution TEM (HRTEM) 

is a slightly different imaging mode that can be used to directly visualize the 

atomic structure of a material. Such HRTEM images are formed by phase con-

trast, i.e. from the phase changes in the scattered waves resulting from the 

interaction between the scattered and the direct beams [87]. As such, the con-

trast in the images can be difficult to interpret (as atoms of the same elements 

may have different contrast or even be absent) and e.g. a through-focus series 

and further post-processing is generally required to correct for this. HRTEM 

images still constitute an important method for studying the nanostructure of 

many crystalline materials. The crystal structure of beam-sensitive samples, 
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such as MOFs, can also be studied in HRTEM given that a low flux of elec-

trons is used during imaging. 

Electron diffraction (ED) may also be performed in a TEM instrument. The 

technique offers a distinct advantage to more traditional methods such as sin-

gle-crystal X-ray diffraction in that the analysis may be carried out on nano-

particles instead of larger single crystals, which may be difficult to grow in 

the case of MOFs. Similar to X-rays, electrons are elastically scattered by at-

oms in a crystal according to Bragg’s Law (see section 3.3 for more infor-

mation). However, electrons interact more strongly with matter than X-rays 

and thus the crystals from which the ED patterns are collected from are re-

quired to be thin. The specimen thickness should ideally be thin enough that 

the electrons are scattered kinematically (i.e. scattered once) and not dynami-

cally (multiple scattering events taking place) in the crystal. The ED patterns 

obtained from such crystals can be analyzed in a more straightforward man-

ner. Due to the assumption that the intensities of the diffraction spots are pro-

portional to the structure factor squared (|𝐹ℎ𝑘𝑙
2 |), and thus can be used to de-

termine the atomic positions in the unit cell. 

The crystal structure of a specimen may be elucidated using zone-axis pat-

terns (ZA) in a selected area ED (SAED) mode, however, this process can be 

difficult and time-consuming. As such, various 3-dimensional ED (3DED) 

techniques have been developed during the last couple of decades, such as 

rotation ED/continuous rotation ED (RED [88, 89] / cRED [90]), automated 

diffraction tomography (ADT) [91, 92], and microcrystal electron diffraction 

(MicroED) [93, 94], to name a few. cRED (paper III) and 3-dimensional elec-

tron diffraction tomography (3D EDT) (paper IV), two 3DED techniques used 

in this thesis, may, in general, be carried out by continuously tilting the goni-

ometer while the ED patterns are recorded using a high-speed camera, allow-

ing for a wide sampling range. The speed at which the goniometer is tilted also 

reduces beam-induced damage on the specimen as the total electron dose is 

minimized. Further, the obtained ED patterns can be combined using post-

processing software such as Instamatic [90, 95], and the resulting 3DED pat-

tern can be used for structure solution [96, 97]. 

TEM images and 3DED patterns in this thesis were recorded on a JEOL 

JEM-2100 TEM operated at 200 kV and using a cryo-transfer tomography 

holder (paper III), and a JEM-2100Plus operated at 200 kV (paper IV). 

3.3 Powder X-ray diffraction  

Powder X-ray diffraction (PXRD) remains one of the most popular techniques 

for phase identification and, in certain cases, structure solution of crystalline 

materials. The technique utilizes the coherent (elastic) scattering of X-rays 

(whose wavelengths are similar to the atomic distances in a crystalline mate-

rial) to probe the crystal structure of a specimen. The interaction between the 
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incoming X-rays and atoms (or more specifically the electrons surrounding 

the nucleus of the atoms) results in a spherical scattering of the wavefront. The 

scattered wavefronts further interfere constructively and destructively, which 

can be described using Bragg’s Law: 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃ℎ𝑘𝑙 = 𝑛𝜆 (11) 

Where d is the interplanar distance between a set of parallel planes (hkl), θ the 

scattering angle, λ the wavelength of the incident wave, and lastly, n an integer 

which represents the order of the reflection. The intensities of each peak in the 

diffraction pattern are determined by the arrangement of the atoms in the crys-

tal as well as by the atomic number, and as such the total scattering of all 

atoms in the unit cell can be expressed as: 

𝐹ℎ𝑘𝑙 = ∑ 𝑓𝑗 𝑒𝑥𝑝

𝑛

𝑗=1

[2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)] (12) 

  

𝐼ℎ𝑘𝑙 ∝ |𝐹ℎ𝑘𝑙|2 (13) 

Where Fhkl is the structure factor for the reflection hkl, fj the atomic form fac-

tor, and (x,y,z) the fractional atomic coordinates [98]. 

PXRD was used in this thesis to identify and confirm the structures of 

known crystalline MOFs or to verify the amorphous nature of MMC-based 

materials and the SLS printed dosage forms. All diffractograms were collected 

on a Bruker D8 Advance TwinTwin powder diffractometer using Cu Kα radi-

ation (λ = 1.5481 Å). 

3.4 Spectroscopic techniques 

3.4.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemi-

cal analysis (ESCA) is a powerful tool for studying the surface chemistry of 

various materials. The method utilizes soft X-rays (e.g. Mg Kα or Al Kα) to 

excite electrons from the atoms located on the surface of the specimen. The 

kinetic energy (KE), or the corresponding binding energy (BE), of the photo-

electrons, are unique for each element and small shifts BE/KE, arising from 

local differences in the chemical environment (e.g. chemical potential, polar-

izability), can be used to identify the chemical state of the material. An XPS 

spectrum usually contains various peaks corresponding to the photoelectrons 

originating from atoms located a couple of Ångströms below the specimen 



 

 31 

surface along with a background from the inelastically scattered electrons. 

Such spectra, often called survey spectra, gives valuable information about the 

local surface chemistry of the material. However, the chemical shifts for a 

specific element (i.e. the chemical state of the element) are usually of greater 

interest. Such core-level XPS spectra are generally recorded for a narrow 

range of kinetic/binding energies that only contain the element of interest. Fur-

ther deconvolution and shifting of such spectra are necessary in order to cor-

rectly identify the chemical species for each element (taking into account spin-

orbit splitting for orbitals other an s) [99]. 

Core-level XPS spectra were recorded on MMC-based composite pellets 

using a Physical Electronics Quantera II Scanning XPS Microprobe. The sam-

ple surfaces were plasma cleaned using argon ions prior to analysis and all 

measurements were conducted using a low dose of low-energy electrons and 

argon ions to prevent charge build-up. 

3.4.2 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a vibration spectroscopic 

technique for analyzing both organic and inorganic materials quantitatively as 

well as qualitatively. The technique utilizes electromagnetic radiation in the 

infrared (IR) region (400 – 4000 cm-1) to excite different vibrational and rota-

tional states in the molecules. As such, IR-active functional groups (i.e. which 

contain a dipole moment) adsorb IR radiation of specific frequencies (or range 

of frequencies) and can thus be used to analyze the chemical composition of 

a material [100]. 

IR spectra were recorded on a Bruker Tensor 27 using a platinum-attenu-

ated total reflectance (ATR) with a single reflection diamond accessory. 

3.5 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a time-resolved thermal analysis 

technique that measures the heat flow in a sample, as compared to an inert 

reference, as a function of temperature. It is a valuable method for studying 

both thermal transitions in organic materials such as polymers as well as heat 

transfer effects in porous materials during gas sorption. The usage of a DSC 

method in conjunction with PXRD is also highly advantageous, as the crys-

talline state of a polymeric mixture (such as an amorphous solid dispersion 

(ASD)) may be analyzed in a more thorough manner by combining the two 

techniques [101]. 

DSC thermograms presented in this thesis were recorded on a Mettler To-

ledo DSC 3+ using perforated aluminum crucibles (Paper V) or a Mettler To-

ledo TGA/DSC 3+ using alumina crucibles (Paper II-IV). 
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3.6. Further theoretical models 

3.6.1 Isosteric enthalpy of adsorption 

An understanding of the sorbate-sorbent interactions is of crucial importance 

in gas capture and separation applications. The strength of these interactions 

may have a large influence not only over the preferential adsorption of a spe-

cific molecule over another in a gas mixture but may also play a key role in 

the regeneration of the sorbent. Low heats of adsorption (-ΔHads) are usually 

preferred in separation processes, as it indicates a weak interaction between 

the sorbate and sorbent (i.e. physisorption), and in turn, lowers the energy re-

quirements for sorbent regeneration. As such, evaluating the -ΔHads of various 

gases on a porous material plays an important part in the characterization pro-

cess.  

The -ΔHads of CO2 and SF6 adsorption on all MOF and ZIF samples in this 

thesis were calculated using the expression of the Clausius-Clapeyron equa-

tion given below [102, 103]: 

∆𝐻𝑎𝑑𝑠(𝑛) = −𝑅 𝑙𝑛 (
𝑃2

𝑃1
) (

𝑇1𝑇2

𝑇2 − 𝑇1
) (14) 

Where n is the gas uptake (or loading), R the ideal gas constant, Pi pressure, 

and T temperature. 

Experimental isotherms, recorded at 273 – 303 K, were fitted using suitable 

models (such as either the dual-site Langmuir model (15) or Toth model (16)) 

prior to the calculations. 

𝑛 = 𝑛𝑚,1

𝑘1𝑃

1 + 𝑘1𝑃
+ 𝑛𝑚,2

𝑘2𝑃

1 + 𝑘2𝑃
  

 

(15) 

  

𝑛 = 𝑛𝑚

𝐾𝑃

(1 + (𝐾𝑃)𝑡)1/𝑡
 (16) 

Where n is the uptake at equilibrium at pressure P (kPa), nm,i the monolayer 

capacity for site i, and ki, K, and t constants. 

The -ΔHads can thus be calculated from the slope (m) of a plot of lnP vs T-1 

over a range of CO2 and SF6 loadings using the following expression: 

∆𝐻𝑎𝑑𝑠(𝑛) = 𝑅𝑚 (17) 
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3.6.2 Ideal adsorption solution theory 

The ideal adsorption solution theory (IAST) model has frequently been used 

to estimate gas selectivity in nanoporous materials such as MOFs and zeolites. 

The model utilizes single-component isotherms of various gases to predict gas 

mixture adsorption equilibria in materials in a relatively straightforward man-

ner [104, 105]. The IAST equations, derived by Myers and Prausnitz  [106], 

can for a two-component gas mixture (A and B) be expressed as [104]: 

𝑃𝑦𝐴 = 𝑃𝐴
∗𝑥𝐴 (18) 

  

𝑥𝐴 =
𝑃𝐵

∗ − 𝑃

𝑃𝐵
∗ − 𝑃𝐴

∗  (19) 

  
1

𝑁𝑡𝑜𝑡
=

𝑥𝐴

𝑁𝐴(𝑃𝐴
∗)

+
1 − 𝑥𝐴

𝑁𝐵(𝑃𝐵
∗)

 (20) 

  

∫
𝑁𝐴(𝑝)

𝑝
𝑑𝑝 =

𝑃𝐴
∗

0

∫
𝑁𝐵(𝑝)

𝑝
𝑑𝑝

𝑃𝐵
∗

0

 (21) 

Where P is the total pressure (kPa), yi the molar fraction of the hypothetical 

gas mixture, xi the molar fraction of each gas in the adsorbed phase, Pi
* (kPa), 

Ni(p) the equilibrium gas uptake of gas i at pressure P (mmol g-1), and Ntot the 

total gas uptake (mmol g-1). 

The assumptions that the IAST model is based on can further be described 

in words as [104, 107]: 

i) That the sorbate molecules have equal accessibility to the surface 

area of the materials 

ii) The sorbent remains insert during the adsorption process 

iii) A sorbate mixture behaves as an ideal solution 

Eq.18 - Eq. 21 can furthermore be solved (for PA* and PB*) by e.g. fitting the 

single-component isotherms using a suitable isotherm model and followed by 

integration using suitable software such as Matlab or Python [108]. 

3.6.3 Diffusion models 

3.6.3.1 Intraparticle diffusion model 

Various diffusion models have been developed and used over the years to 

study the adsorption kinetics of different molecules in porous materials. The 

intraparticle diffusion model (or Weber Morris model) has often been utilized 

to gain insight into the diffusion mechanisms affecting the adsorption process 
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of sorbate molecules in gaseous or aqueous phases [109]. The following equa-

tion was put forth by Weber and Morris [110]: 

𝑚𝑡 = 𝑘𝑖𝑡1/2 + 𝐶 (22) 

Where mt is the uptake (mg g-1) at time t (s), ki the intraparticle diffusion rate 

constant (mg g-1 s-1), and C (mg g-1) a constant describing the boundary layer 

thickness. 

A plot of mt vs t1/2 should yield a straight line if intraparticle diffusion is the 

rate-limiting mechanism [111].  

3.6.3.2 Boyd’s film diffusion 

The diffusion of a sorbate in a microporous particle can also be described us-

ing the following equation [112-115]: 

𝑚𝑡

𝑚𝑒
= 1 −

6

𝜋2
∑

1

𝑛2
𝑒𝑥𝑝 (−

𝑛2𝜋2𝐷𝑡

𝑟2 ) =

∞

𝑛=1

 

= 1 −
6

𝜋2
∑

1

𝑛2
𝑒𝑥𝑝(−𝑛2𝐵𝑡)

∞

𝑛=1

 

(23) 

𝐵 =
𝜋2𝐷𝑖

𝑟2
 (24) 

Where mt and me represent the uptake (mg g-1) at time t (s) and at equilibrium, 

respectively, Di (m2 s-1) is the effective intracrystalline diffusion coefficient, 

and r (m) the radius of a spherical particle. 

Following approximations of Eq. 23 were further derived by Reichenberg 

in the case of film-diffusion [116]: 

For mt/me ≤ 0.85: 

𝐵𝑡 = − 𝑙𝑛
𝜋2

6
− 𝑙𝑛 (1 −

𝑚𝑡

𝑚𝑒
) (25) 

And mt/me > 0.85 

𝐵𝑡 = 𝜋 (1 − √1 −
𝜋

3

𝑚𝑡

𝑚𝑒
)

2

 (26) 



 

 35 

A plot of Bt vs t should thus produce a straight line going through origin with 

slope equal to B (= π2Di/r
2), if intraparticle diffusion is the rate-limiting step 

of the adsorption process. 

3.6.3.3 Intracrystalline diffusion model 

Similar to the Boyd model, the diffusion of a sorbate in a spherical porous 

particle can be described by the following expression: 

𝑚𝑡

𝑚𝑒
= 1 −

6

𝜋2
∑

1

𝑛2
𝑒𝑥𝑝 (−

𝑛2𝜋2𝐷𝑡

𝑟2 )

∞

𝑛=1

 (27) 

In the long-time region (mt/me > 0.7) the fractional uptake approaches equilib-

rium and Eq. 27 converges to: 

𝑚𝑡

𝑚𝑒
≈ 1 −

6

𝜋2
𝑒𝑥𝑝 (−

𝜋2𝐷𝐼𝐶𝐿𝑡

𝑟2 ) (28) 

A plot of ln(1-mt/me) vs t should thus produce a straight line with an intercept 

equal to ln(6/π2) and a slope equal to (–π2DICL/r
2).  

During the initial stages of adsorption, i.e. in the short-time region, Eq. 27 

converges slowly and can thus alternatively be expressed as: 

𝑚𝑡

𝑚𝑒
= 6√

𝐷𝐼𝐶𝑆𝑡

𝑟2
 [

1

√𝜋
+ 2 ∑ 𝑖 𝑒𝑟𝑓𝑐 (

𝑛𝑟

√𝐷𝐼𝐶𝑆𝑡
)

∞

𝑛=1

] − 3
𝐷𝐼𝐶𝑆𝑡

𝑟2
   (29) 

Eq. 29 can further be reduced in the short-time region, mt/me <0.3 to: 

𝑚𝑡

𝑚𝑒
≈ 6√

𝐷𝐼𝐶𝑆𝑡

𝜋𝑟2
   (30) 

Correspondingly, a plot of the fractional uptake, mt/me, vs sqrt t should pro-

duce a straight line going through origin with a slope equal to (6 

sqrt(DICS/πr2)).  
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4. Results and discussion 

4.1 Greenhouse gas capture on metal-organic 

framework materials 

The gas sorption properties and adsorption kinetics of three MOFs are pre-

sented below, namely, bismuth-based MOFs (UU-200, Paper III), gallium- 

and vanadium-based MOFs (UU-201-4, Paper IV), and mixed-linker ZIF-7-

8s (Paper II). 

4.1.1 Bismuth-based metal-organic frameworks (Paper II) 

Bismuth-based MOFs offer several potential advantages as sorbents of GHGs 

due to their rich coordination geometry and low toxicity. 

The structure of UU-200, a new Bi-MOF synthesized from benzene-1,3,5-

tricarboxylic acid, was found to crystallize in the orthorhombic system (space 

group Pnnm, no 58) with the following unit cell parameters: a = 21.783 Å, b 

= 28.050 Å, and c = 9.910 Å (Rwp = 0.215 and GooF = 2.06, after refinement 

against PXRD data). The structure contained two types of SBUs composed of 

either:  

(i) Two Bi1
3+-ions connected via four oxygen atoms from separate 

benzene-1,3,5-tricarboxyate (BTC-1) anions and coordinated to 

eight BTC--anions in total (SBU1, Figure 5d). 

(ii) Two Bi2
3+- and Bi3

3+-ions connected via three oxygen atoms from 

different BTC-1-ions and coordinating to eight BTC- molecules in 

total (SBU2, Figure 5e). 
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Figure 5. Crystal structure of UU-200 (a) as viewed along the a-axis, (b) b-axis, (c) 

c-axis, (d) SBU1, (e) SBU2, and (f) the pore-limiting apertures. 

UU-200 exhibited a 3-dimensional pore architecture and the crystallographic 

pore-limiting apertures were found to be 3.42 Å and 3.49 Å for the irregularly 

shaped and triangular pores, respectively (Figure 5f). 

Investigations into the porosity of UU-200, along with three other mi-

croporous Bi-MOFs, CAU-17, CAU-33, and SU-101, were carried out using 

N2 sorption at 77 K in conjunction with H2O sorption at 293 K (Table 2). The 

recorded Langmuir SSA of UU-200 was 141 m2 g-1, which was significantly 

lower as compared to the other three Bi-MOFs which had SSAs of approxi-

mately 500 m2 g-1. H2O sorption measurements, however, showed that the pore 

volumes were comparable to CAU-17, CAU-33, and SU-101. Indicating that 

the actual porosity of UU-200 was similar to the other investigated structures. 
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The low apparent porosity of UU-200 thus was attributed to a kinetically re-

stricted diffusion of N2 due to the pore limiting apertures coinciding with the 

kinetic diameter of N2 (3.68 Å, see Table 1). 

Table 2. Summary of the specific surface areas and pore volumes of UU-200, CAU-
17, CAU-33, and SU-101. Values for UU-200, obtained from N2 sorption at 77 K, are 
given in brackets and are assumed to be underestimated due to the pore-limiting ad-
sorption of N2. 

Sample SSALangmuir 

(m2 g-1) 

SSABET 

(m2 g-1) 

Vmicro 

(cm3 g-1) 

Vtot 

(cm3 g-1) 

Vtot, H2O 

(cm3 g-1) 

UU-200 (141) (115) - (0.07) 0.13 

CAU-17 610 496 0.22 0.22 0.20 

CAU-33 459 373 0.15 0.19 0.16 

SU-101 426 344 0.13 0.22 0.13 

aLangmuir specific surface areas (SSALangmuir) were calculated using the Langmuir 
equation between 4.5 – 16 kPa. bBET specific surface areas (SSABET) were calculated 
using the Brunauer-Emmett-Teller (BET) equation between a p/po of 0.05 – 0.15. cMi-
cropore volumes (Vmicro) were estimated using the t-plot method. dTotal pore volumes 
(Vtot) were determined using a single-point from the adsorption branch of the isotherm 
at p/po = 0.98. eTotal pore volumes (Vtot,H2O) were determined at 298 K using a single-
point from the adsorption branch of the H2O isotherm at p/po ≥ 0.93. 

The gas sorption properties of the Bi-MOFs were further evaluated using CH4, 

CO2, N2, and SF6 as GHG sorbates at 293 K (Figure 6). The N2 sorption be-

havior on UU-200 at ambient temperatures was similar to the other Bi-MOFs, 

and ranged from 0.11 – 0.22 mmol g-1 at 1 bar. This contradictory behavior 

was found to possibly be related to framework flexibility or to a potential 

structural thermal expansion of UU-200. 

The sorption of CH4 was low on all Bi-MOFs, ranging from 0.33 – 0.93 

mmol g-1 at 1 bar. The low uptake capacity along with the linear shape of the 

isotherms indicated a low affinity between the materials and the CH4 mole-

cules. As such, the investigated MOFs were deemed unsuitable for CH4 cap-

ture and applications. 
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Figure 6. CH4, CO2, N2, and SF6 sorption isotherms recorded at 293 K for (a) UU-
200, (b) CAU-17. (c) CAU-33, and (d) CAU-33. 

 

The CO2 and SF6 sorption on the Bi-MOFs was significantly higher as com-

pared to either N2 or CH4. The CO2 adsorption capacities ranged between 1.96 

– 2.35 mmol g-1, with CAU-33 (1.96 mmol g-1) and CAU-17 (2.35 mmol g-1) 

having the lowest and highest uptakes, respectively. Langmuir-shaped iso-

therm was observed on all materials which indicated an enhanced VdW mo-

lecular interaction between the CO2 molecules and the pore walls. Arising 

from the effective pore sizes coinciding with the kinetic diameter of CO2 (3.30 

Å, see Table 1). The CO2 uptakes were not shown to be governed by the rec-

orded SSAs, as the adsorption capacity of UU-200 was comparable to the other 

Bi-MOFs. 

Similarly, the SF6 uptakes on the Bi-MOFs were found to be appreciable 

and ranged from 0.80 – 1.55 mmol g-1 at 1 bar. Langmuir-shaped isotherms 

were also observed for all Bi-MOFs apart from CAU-33. Which indicated a 

similar enhanced molecular interaction between the SF6 molecules and the 

pore surface in UU-200, CAU-17, and SU-101. The two-step isotherm exhib-

ited by CAU-33 showed that the SF6 molecules induced a structural phase-

transition similar to that observed in breathing MOFs such as MIL-53. 

Both CO2 and SF6 physisorbed on the Bi-MOFs, as shown from the calcu-

lated isosteric heats of CO2 and SF6 adsorption (-ΔHads) (~ 25 – 35 kJ mol-1 

between 0.30 – 1.70 mmol g-1 CO2 loading and ~ 15 – 40 kJ mol-1 between 
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0.30 – 0.74 mmol g-1 SF6, respectively). Further, pressure/vacuum-swing CO2 

adsorption cycling also displayed a negligible decrease in of the total uptake 

capacity after 5 cycles. The CO2 over N2 (CO2/N2, 15:85) and SF6 over N2 

(SF6/N2, 10:90) selectivities at 293 K (Figure 7a-c) ranged from approx. 25 – 

36 and 35 – 45, respectively, and was appreciably high. 

Figure 7. Calculated IAST selectivities for three hypothetical gas mixtures composed 
of (a) CO2/CH4 (50:50), (b) CO2/N2 (15:85), (c) SF6/N2 (10:90), and pressure/vacuum-
swing adsorption cycling of CO2 on Bi-MOFs. 

 

Analysis of the CO2 adsorption kinetics showed that more than 50% of the 

total uptake capacity was reached within the first 3 minutes in all Bi-MOFs. 

Although the adsorption rate was much slower as compared to other mi-

croporous sorbents such as zeolites, further improvement could be obtained 

by tuning of the particle size and morphology. 

Analysis of the CO2 gravimetric profiles using the intraparticle diffusion 

model, Boyd’s film model, and intracrystalline diffusion model, indicated that 

the adsorption process was governed by multiple mechanisms. Film-diffusion 

was found to limit the adsorption process during the initial stages of adsorp-

tion while pore diffusion formed the rate-limiting step towards the end of the 

adsorption process.  
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Table 3. Calculated diffusion constants, Di r-2 (s-1), obtained from Boyd’s film diffu-
sion model and the intracrystalline diffusion model. The diffusion constants obtained 
from the Boyd model are given in brackets due to the data falling outside the applica-
tion range for the model. 

Sample 

Approx. 

sample 

weight 

(mg) 

Boyd’s film 

diffusion 

Intracrystalline 

diffusion, 

Short-time 

Intracrystalline 

diffusion, 

Long-time 

UU-200 

2.5 (7.63 × 10-4) 1.35 × 10-4 7.93 × 10-4 

5.0 (4.78 × 10-4) 1.33 × 10-4 6.09 × 10-4 

7.5 (4.71 × 10-4) 1.08 × 10-4 3.94 × 10-4 

CAU-17 

2.5 (9.66 × 10-4) 1.60 × 10-4 1.08 × 10-3 

5.0 (5.88 × 10-4) 1.23 × 10-4 6.30 × 10-4 

7.5 (3.39 × 10-4) 6.61 × 10-5 3.56 × 10-4 

CAU-33 

2.5 (1.01 × 10-3) 2.31 × 10-4 1.16 × 10-3 

5.0 (1.12 × 10-3) 3.49 × 10-4 1.21 × 10-3 

7.5 (1.26 × 10-3) 2.75 × 10-4 1.30 × 10-3 

SU-101 

2.5 (1.20 × 10-3) 1.96 × 10-4 1.35 × 10-3 

5.0 (9.45 × 10-4) 2.12 × 10-4 1.18 × 10-3 

7.5 (7.82 × 10-4) 1.90 × 10-4 9.44 × 10-4 

4.1.2 Gallium- and vanadium-based metal-organic frameworks 

(Paper IV) 

UU-201-4, four new microporous gallium- and vanadium-based MOFs, were 

synthesized solvothermally using the tetratopic linkers 4,4’,4’’,4’’’-(pyrene-

1,3,6,8-tetrayl)tetrabenzoic acid (H4TBAPy) and 1,2,4,5-tetrakis(4-carboxy-

phenyl)benzene (H4TCPB). The structure of the MOFs showed a strong de-

pendence on the organic linker, and UU-201 (V(TBAPy)2), UU-204 

(Ga(TCPB)2) and UU-202 (Ga(TBAPy)2), UU-203 (V(TCPB)2) crystallized 

in either the monoclinic or orthorhombic crystal systems, respectively. The 

unit cells parameters were determined as:  

(i) UU-201: a = 16.08 Å, b = 16.22 Å, c = 7.04 Å, and α = γ = 90 ˚, β 

= 102.1˚ 

(ii) UU-202: a = 32.05 Å, b = 32.39 Å, c = 6.90 Å, and α = β = γ = 90˚ 

(iii) UU-203: a = 22.28 Å, b = 16.21 Å, c = 6.83 Å and and α = β = γ 

= 90˚ 

(iv) UU-204: a = 11.39 Å, b = 16.31 Å, c = 6.93 Å, α = γ = 90 ˚, β = 

102.5˚ 

The vanadium or gallium ions were coordinated to four oxygen atoms origi-

nating from four different TBAPy-- or TCPB--molecules (Figure 8a) and con-

nect the infinite chains of corner-sharing VO6/GaO6 octahedra in the UU-
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MOFs. The crystallographic pore limiting apertures of the 1-dimensional 

channels running parallel to the c-axis displayed a diameter of approx. 9.1 x 

13.6 Å (hexagonally-shaped channels) and 6.5 x 13.7 Å (lozenge-shaped 

channels) (Figure 8a). Further, no π-π stacking was evident between the or-

ganic linkers along the a- and b-axis (Figure 8b) due to the large distance be-

tween the ligands, which was approx. 6.7 Å. 

Figure 8. Preliminary structure of UU-201, given as a model structure of the UU-
MOFs, showing the (a) the crystallographic pore-limiting apertures as viewed along 
the c-axis, and (b) the infinite chains of corner-sharing VO6 octahedra as viewed along 
the b-axis. 

The UU-MOFs were found to be microporous in nature and exhibited SSALang-

muir and total pore volumes ranging from 1000 – 2000 m2 g-1 and 0.36 – 0.74 

cm3 g-1, respectively (Table 4). 

Table 4. Summary of the specific surface areas and pore volumes of UU-MOFs. 

Sample 
SSALangmuir

a 

(m2 g-1) 

SSABET
b 

(m2 g-1) 

Vmicro
c 

(cm3 g-1) 

Vtot
d 

(cm3 g-1) 

UU-201 1884 1534 0.58 0.74 

UU-202 1507 1218 0.47 0.60 

UU-203 928 754 0.25 0.41 

UU-204 964 787 0.32 0.36 

aLangmuir specific surface areas (SSALangmuir) were calculated using the Langmuir equation be-

tween 4.5 - 16 kPa. bBET specific surface areas (SSABET) were calculated using the Brunauer-

Emmett-Teller (BET) equation between a p/p˚ of 0.05 - 0.15. cMicropore volumes (Vmicro) were 

estimated using the t-plot method. dTotal pore volumes (Vtot) were determined using a single-

point of the adsorption branch of the isotherm at p/po = 0.98. 

The CO2 uptake capacities on UU-201-4 were appreciably high and ranged from 

2.78 – 3.52 mmol g-1 at 293 K and 1 bar (Figure 9). The vanadium-based MOFs 

 



 

 43 

showed a higher uptake of both gases as compared to their gallium-based coun-

terparts. Which was attributed to the weight differences between vanadium- and 

gallium-based MOFs. The CO2 isotherms for UU-201 and UU-202 was linear 

while it took on a slight Langmuir shape in UU-203 and UU-204. Which indi-

cated an increased van der Waals interaction between the CO2 molecules and 

pore surface due to the presence the approx. 8 Å sized pores on UU-203-4. 

The SF6 adsorption capacities on all MOFs was high and ranged from 2.75 

mmol g-1 in UU-204 to 4.00 mmol g-1 in UU-201 at 293 K and 1 bar (Figure 9). 

The vanadium-based MOFs exhibited a higher SF6 uptake, similar to what was 

observed for CO2 adsorption. Further, the increased adsorption capacity was at-

tributed to the weight differences between the metal ions (i.e. an 8 mol.% g-1 

difference in uptake is shown between the vanadium- and gallium-based 

MOFs). 

Similar to the Bi-based MOFs, the CH4 uptakes on all materials was low, 

and were thus not further considered. 

Figure 9. CH4, CO2, N2, and SF6 sorption isotherms recorded at 293 K for (a) UU-
201, (b) UU-202, (c) UU-203, and (c) UU-204. 

Physisorption was the primary mechanism for CO2 and SF6 adsorption on the 

UU-MOFs. As was evident from the -ΔHads of CO2 and SF6 sorption which 

ranged from 20 – 30 kJ mol-1 (between 0.20 – 2.30 mmol g-1 CO2 loading) and 
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35 – 50 kJ mol-1 (between 1.6 – 2.5 mmol g-1 SF6). The -ΔHads of SF6 was 

significantly higher for the TCPB-based MOFs (i.e. UU-203 and UU-204, ~35 

– 50 kJ mol-1) as compared to the TBAPy-based ones (UU-201 and UU-202, 

~30 kJ mol-1). Which was attributed to the enhanced SF6 interaction with the 

lozenge-shaped pores of the materials. The CO2 and SF6 cycling stability (Fig-

ure 10d) both showed that the CO2 and SF6 uptakes remained stable for up to 

10 cycles on all materials aside from UU-202. Where a decrease of 1.5% was 

observed between the first and last cycle. 

The CO2/N2 selectivities on the UU-MOFs (Figure 10a-c) ranged between 

10 – 15 at 293 K and 1 bar, which was comparably low as compared to e.g. 

the Bi-MOFs (see section 4.1.1). The low affinity between the CO2 molecules 

and frameworks, as indicated by the linear isotherm shapes, was found to 

likely be the cause. On the other hand, the MOFs exhibited high SF6/N2 selec-

tivities that ranged from 43 – 56. 

Figure 10. Calculated IAST selectivities for three hypothetical gas mixtures com-
posed of (a) CO2/CH4 (50:50), (b) CO2/N2 (15:85), (c) SF6/N2 (10:90), and (c) tem-
perature-swing adsorption cycling of CO2 (left) and SF6 (right) on UU-MOFs. 

 

The CO2 and SF6 adsorption kinetics studies at 303 K showed that both gases 

adsorbed rapidly in all materials (aside from UU-202). Over 90% of the total 

uptake capacity was reached within the first 2 minutes in UU-201 and UU-

203-4 (Figure 11). The SF6 adsorption on UU-202 occurred at a much slower 
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rate and required 52 minutes to reach the same uptake capacity. The differ-

ences in diffusion between UU-202 and the other UU-MOFs was attributed to 

differences in the particle size and morphology between the samples. 

Figure 11. Gravimetric profiles for (a) CO2 adsorption and (b) SF6 adsorption on UU-
MOFs at 303 K using approx. 10 mg of sample. 

 

Similar to the Bi-MOFs, the diffusion of CO2 and SF6 was limited by multiple 

mechanisms. However, film diffusion or another form of external mass trans-

fer resistance had a significant impact on the adsorption of both gases during 

the initial stages of the adsorption process. Additional effects from heat trans-

fer were only evident when the sample mass exceeded ~7.5 mg. 

Table 5. Calculated diffusion constants, Di r-2 (s-1), for the SF6 adsorption on UU-

MOFs obtained from Boyd’s film diffusion model and the intracrystalline diffusion 

model. The diffusion constants obtained from the Boyd model are given in brackets 

due to the data falling outside the application range for the model. 

Sample 

Approx. 

sample weight  

(mg) 

Boyd’s film dif-

fusion 

Intracrystalline 

diffusion,  

short-time 

Intracrystalline 

diffusion,  

long-time 

UU-201 10 (9.44 × 10-4) 4.51 × 10-4 9.92 × 10-4 

UU-202 10 (3.00 × 10-3) 7.61 × 10-4 4.39 × 10-4 

UU-203 10 (1.33 × 10-4) 3.06 × 10-4 3.39 × 10-5 

UU-204 10 (5.43 × 10-3) 5.89 × 10-4 4.69 × 10-4 
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Table 6. Calculated diffusion constants, Di r-2 (s-1), for the CO2 adsorption on UU-

MOFs obtained from Boyd’s film diffusion model and the intracrystalline diffusion 

model. The diffusion constants obtained from the Boyd model are given in brackets 

due to the data falling outside the application range for the model. 

Sample 

Approx.  

sample weight 

(mg) 

Boyd’s film dif-

fusion 

Intracrystalline 

diffusion,  

short-time 

Intracrystalline 

diffusion,  

long-time 

UU-201 

2.5 (4.92 × 10-4) 7.55 × 10-4 4.72 × 10-4 

5.0 (2.66 × 10-3) 1.56 × 10-3 3.00 × 10-4 

7.5 (3.70 × 10-3) 1.74 × 10-3 4.24 × 10-4 

10 (5.64 × 10-3) 1.58 × 10-3 1.05 × 10-3 

UU-202 

2.5 (6.64 × 10-4) 6.89 × 10-4 6.69 × 10-4 

5.0 (3.46 × 10-3) 1.91 × 10-3 2.31 × 10-4 

7.5 (4.23 × 10-3) 2.18 × 10-3 3.41 × 10-4 

10 (6.07 × 10-3) 1.73 × 10-3 4.95 × 10-4 

UU-203 

2.5 (6.83 × 10-4) 1.99 × 10-3 6.69 × 10-4 

5.0 (5.74 × 10-3) 2.20 × 10-3 6.44 × 10-4 

7.5 (4.84 × 10-3) 1.97 × 10-3 9.07 × 10-4 

10 (5.74 × 10-3) 1.52 × 10-3 7.97 × 10-4 

UU-204 

2.5 (6.88 × 10-4) 1.95 × 10-3 6.82 × 10-4 

5.0 (6.20 × 10-3) 2.06 × 10-3 8.80 × 10-4 

7.5 (6.48 × 10-3) 1.79 × 10-3 1.09 × 10-3 

10 (5.59 × 10-3) 1.45 × 10-3 9.69 × 10-4 

4.1.3 Mixed-linker ZIF-7-8s (Paper II) 

It has previously been shown that pristine metal-organic frameworks com-

posed of different metal ions (e.g. Bi3+, V3+, and Ga3+) and various organic 

linkers (e.g. ditopic and tetratopic ligands), can form structures of varying po-

rosities and pore architectures, which all have significantly different and in-

teresting gas sorption properties. In this section the sorption properties of a 

series of mixed-linker zeolitic imidazolate frameworks materials based on the 

prototypical ZIF structures ZIF-7 and ZIF-8 (Figure 2) will be presented. 

The mixed-linker ZIF-7-8s were synthesized in a mixture of N,N’-dime-

thylformamide (DMF), and methanol (MeOH) at ambient conditions. Eight 

different samples containing varying amounts of benzimidazolate (bIm) were 

obtained using ZIF-8 as the starting structure (Table 7). 
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Table 7. Summary of the molar ratio of benzimidazolate (bIm) and 2-methylimidazo-
late (mIm) in the synthesized mixed-linker ZIF-7-8s as determined by 1H NMR. 

Sample 
Molar ratio bIm  

incorporated 

Molar ratio mIm 

incorporated 

ZIF-8 0 1 

ZIF-70.06-80.94- 0.06 0.94 

ZIF-70.20-80.80- 0.20 0.80 

ZIF-70.26-80.74- 0.26 0.74 

ZIF-70.37-80.63- 0.37 0.63 

ZIF-70.47-80.53- 0.47 0.53 

ZIF-70.52-80.48- 0.52 0.48 

ZIF-70.90-80.10- 0.90 0.10 

ZIF-70.98-80.02- 0.98 0.02 

ZIF-7- 1 0 

All structures were highly crystalline and the PXRD patterns of the mixed-

linker ZIFs resembled either parent ZIF compound (i.e. ZIF-7 or ZIF-8). ZIFs 

containing between 6 – 37% bIm exhibited a similar diffraction pattern as ZIF-

8, while a gradual shift to that of ZIF-7 was observed as the bIm concentration 

in the frameworks increased to 90%. The particle morphology, as observed by 

SEM (Figure 12), showed that the samples were homogenous in shape indi-

cating that pure-phase materials were obtained from the synthesis (see Paper 

II for more details). Although the diffraction patterns of the mixed-linker ZIFs 

were found to resemble either ZIF-7 or ZIF-8, the SEM images show that a 

departure from the prototypical rhombic dodecahedron structure of ZIF-8 al-

ready occurs at 20% bIm. Irregularly shaped particles/aggregates were seen 

between 20 – 52% bIm incorporation, while oval/spherical particles were ob-

served when the bIm concentration exceeded 90% (resembling that of ZIF-7). 
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Figure 12. PXRD diffractograms of the synthesized mixed-linker ZIFs as well as their 
pristine counterparts, ZIF-7 and ZIF-8 (left), and selected SEM images (right). 
Adapted with permission from [117]. Copyright 2021 Elsevier. 

The SSA and pore volumes greatly varied for the mixed-linker ZIFs (Table 8). 

An apparent reduction in both SSA and pore volume could be seen as the con-

centration bIm increased in the frameworks, reaching a minimum between 90 

– 100% bIm incorporation. The observed trend in SSA was expected to a de-

gree, due to the well-documented low N2-porosity of ZIF-7. However, re-

stricted N2-diffusion was also observed on ZIFs containing 90 – 98% bIm. 

Indicating that the pores in these structures were similar in dimension to the 

kinetic diameter of N2. As such, the calculated SSAs for these specific materi-

als are underestimated. 
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Table 8. Summary of the specific surface areas and pore volumes of mixed-linker 
ZIF-7-8s as well as pristine ZIF-7 and ZIF-8. 

Sample 
SSALangmuir

a 

(m2 g-1) 

SSABET
b 

(m2 g-1) 

Vmicro
c 

(cm3 g-1) 

Vtot
d 

(cm3 g-1) 

ZIF-8 1896 1540 0.62 0.69 

ZIF-70.06-80.94- 2015 1624 0.66 0.79 

ZIF-70.20-80.80- 1402 1162 0.44 0.60 

ZIF-70.26-80.74- 1169 948 0.36 0.53 

ZIF-70.37-80.63- 1072 866 0.32 0.56 

ZIF-70.47-80.53- 829 668 0.26 0.41 

ZIF-70.52-80.48- 687 557 0.21 0.32 

ZIF-70.90-80.10- (348) (283) - - 

ZIF-70.98-80.02- (228) (178) - - 

ZIF-7- (545) (396) - - 

aLangmuir surface areas (SSALangmuir) were calculated using the Langmuir equation in the pres-

sure interval between 5 and 15 kPa. bBET surface areas (SSABET) were calculated over a pressure 

interval between 0.5 and 0.15 p/p˚. cMicropore volumes (Vmicro) were calculated using the t-plot 

method. dThe estimated total pore volumes (Vtotal) were calculated at a p/p˚ of 0.98. 

A general decrease in the effective pore size of the mixed-linker ZIFs was seen 

as the concentration bIm increased in the frameworks (Figure 13). The PSD 

of ZIF-8 shows the presence of three different types of pores with apertures 

located at approximately 10.0, 12.5, and 14.5 Å. Additional pores were seen 

at 12.5 and 14.5 Å, however, they were attributed to a slight expansion of the 

framework due to a gate-opening effect. A further shift in pore size occurred 

in frameworks containing between 6 – 20% bIm incorporation, corresponding 

to: 

i) A significant decrease in pore volume of the ~12.5 and 14.5 Å 

pores and a subsequent increase in volume of the 10.0 Å pores. 

ii) A further reduction of the pore window of the ~10.0 Å pore and 

the formation of two new pores with apertures at approximately 

9.30 and 7.30 Å (at 20% bIm incorporation). 

A continuous reduction in pore volume occurred as the bIm concentration fur-

ther increased up until 52%. At beyond which point the pores became too nar-

row for the N2 molecules to enter. 
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Figure 13. Contour plot showing the correlation between DFT-PSDs and concentra-
tion bIm in the ZIF structures. Adapted with permission from [117]. Copyright 2021 
Elsevier. 

 

The CO2 sorption behavior of the mixed-linker ZIFs varied with bIm incorpo-

ration and ranged from 1.18 mmol g-1 in ZIF-70.06-80.94 to 1.53 mmol g-1 in 

ZIF-70.52-80.48 (which had the highest CO2 uptake of all mixed-linker com-

pounds) (Figure 14). The Langmuir-shaped isotherm and high CO2 adsorption 

capacity of ZIF-70.52-80.48 was attributed to the presence of pores with aper-

tures below 5 Å, which could coincide in size with the kinetic diameter of CO2 

(3.30 Å, see Table 1). This in turn would subsequently result in an enhanced 

affinity between the CO2 molecules and the framework. The shape of the CO2 

isotherm shapes for the mixed-linker ZIFs exhibited a linear shape between 6 

– 37% bIm and only gradually took on a Langmuir-shape as the bIm concen-

tration reached 47%. Further bIm incorporation beyond 52% resulted in a re-

tention of the isotherm shape but an overall drop in CO2 uptake. Which corre-

sponded to a reduction in pore size below that of the kinetic diameter of CO2 

(this argument does however not hold for ZIF-7 which displays a CO2 induced 

gate-opening effect). 
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Figure 14. CH4, CO2, N2, and SF6 sorption isotherms recorded at 293 K for (a) ZIF-
8, (b) ZIF-70.06–80.94, (c) ZIF-70.20–80.80, (d) ZIF-70.26–80.76, (e) ZIF-70.37–80.63, (f) ZIF-
70.47–80.53, (g) ZIF-70.52–80.48, (h) ZIF-70.90–80.10, (i) ZIF-70.98–80.02, and (j) ZIF-7. 
Adapted with permission from [117]. Copyright 2021 Elsevier. 

 



 

 52 

Similarly, the SF6 uptakes on the mixed-linker materials was dependent on the 

bIm concentration in the frameworks (Figure 14). The adsorption capacities 

ranged from 0.20 mmol g-1 in ZIF-70.06-80.94 to 2.08 mmol g-1 in ZIF-70.26-80.74. 

Correspondingly, the isotherm shapes took on a Langmuir shape at lower bIm 

concentrations (> 6%) than what was seen for CO2. Which correlates well with 

the DFT-PSDs (Figure 13). The SF6 adsorption behavior can further be sum-

marized as: 

i) The SF6 uptake is drastically increased as a reduction in pore size 

occurs from approx. 10.0 Å at 6% bIm to 7.30 and 9.30 Å at 20% 

bIm. 

ii) The samples showing the highest uptake capacity, i.e. ZIF-70.20–

80.80 to ZIF-70.47–80.53, contain the highest number of pores of suit-

able size (i.e. 7.30 and 9.30 Å). 

iii) The Langmuir shaped isotherms, for samples containing 6 – 52%, 

indicating an enhanced VdW interaction between the SF6 mole-

cules and the pore walls of these frameworks. 

iv) A reduction in pore volume of the 7.30 and 9.30 Å pores occurs 

as the bIm % increases beyond 26%, which results in an overall 

decrease in SF6 uptake capacity. 

A slight discrepancy in this trend was however observed for ZIF-70.20-80.80, 

which had a higher SSALangmuir and pore volume than ZIF-70.20-80.80 (i.e. the 

sample with the highest SF6 capacity). But a significantly lower adsorption 

capacity (1.40 mmol g-1). This phenomenon could not be explained from the 

DFT-PSDs alone and were attributed to differences in particle morphology 

between the two samples, which can impact the sorption kinetics of SF6. 

The CO2/N2 and SF6/N2 selectivities of the mixed-linker ZIFs could be tune-

able depending on the bIm incorporation. An increase in CO2/N2 selectivity 

from approx. 8 to 33 occurred between 6 – 90% bIm incorporation, while the 

SF6/N2 selectivity rose from 1 to 40 between 6 – 26% bIm, respectively. The 

high selectivity of ZIF-70.52-80.48 was not related to the available SSA and pore 

volume of the material, but purely be due to pore size narrowing. 

The sorption of both CO2 and SF6 were found to be physisorption-based, 

and the calculated -ΔHads for CO2 adsorption on ZIF-70.52-80.48 and SF6 adsorp-

tion on ZIF-70.26-80.74 ranged between approximately 25 – 35 kJ mol-1 and 15 

– 25 kJ mol-1, respectively. Pressure/vacuum-swing CO2 and SF6 adsorption 

experiments performed on ZIF-70.52-80.48 and ZIF-70.26-80.74, respectively, 

showed a negligible decrease in CO2 uptake on ZIF-70.52-80.48. While the SF6 

uptake on ZIF-70.26-80.74 decreased by 9.36% after 5 cycles. This decrease was 

attributed to the kinetically restricted diffusion of SF6 in ZIF-70.26-80.74 and not 

due to structural degradation or chemisorption, as the sorbent was regenerated 

after gentle heating at 423 K. 

The CO2 adsorption at 303 K occurred rapidly in ZIF-70.52-80.48 and ZIF-

70.26-80.7 as well as in ZIF-7 and ZIF-8, where 80% of the total uptake capacity 
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was reached within the first 30 seconds. However, the SF6 adsorption rate oc-

curred much more slowly in the materials, only reaching 50% of the total up-

take capacity after 14-20 minutes. 

The diffusion of CO2 and SF6 on the selected material was governed by nu-

merous mechanisms including film and pore diffusion as well as heat transfer 

effects, particularly in the case of SF6. As such, a rate-limiting mechanism could 

not be found due to the complicated diffusion behavior of the two gases. 

Table 9. Calculated diffusion constants, Di r-2 (s-1), for the CO2 adsorption on the 
synthesized ZIFs obtained from Boyd’s film diffusion model and the intracrystalline 
diffusion model. The diffusion constants obtained from the Boyd model are given in 
brackets due to the data falling outside the application range for the model. 

Sample 
Boyd’s film  

diffusion 

Intracrystalline  

diffusion,  

short-time 

Intracrystalline  

diffusion,  

long-time 

ZIF-8 (9.31 × 10-4) 2.98 × 10-3 8.94 × 10-4 

ZIF-70.06-80.94- (1.21 × 10-3) 3.38 × 10-3 1.18 × 10-3 

ZIF-70.20-80.80- (1.18 × 10-3) 3.22 × 10-3 1.16 × 10-3 

ZIF-70.26-80.74- (9.76 × 10-4) 3.46 × 10-3 9.61 × 10-4 

ZIF-70.37-80.63- (1.19 × 10-3) 3.75 × 10-3 1.16 × 10-3 

ZIF-70.47-80.53- (8.46 × 10-4) 3.82 × 10-3 8.59 × 10-4 

ZIF-70.52-80.48- (7.21 × 10-4) 4.26 × 10-3 7.65 × 10-4 

ZIF-70.90-80.10- (6.16 × 10-4) 4.06 × 10-3 6.41 × 10-4 

ZIF-70.98-80.02- (5.43 × 10-4) 3.44 × 10-3 4.25 × 10-4 

ZIF-7- (7.85 × 10-4) 4.83 × 10-3 7.55 × 10-4 
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Table 10. Calculated diffusion constants, Di r-2 (s-1), for the SF6 adsorption on the 
synthesized ZIFs obtained from Boyd’s film diffusion model and the intracrystalline 
diffusion model. The diffusion constants obtained from the Boyd model are given in 
brackets due to the data falling outside the application range for the model. 

Sample 
Boyd’s film  

diffusion 

Intracrystalline  

diffusion,  

short-time 

Intracrystalline  

diffusion,  

long-time 

ZIF-8 (1.17 × 10-5) 3.86 × 10-6 2.01 × 10-5 

ZIF-70.06-80.94- (1.25 × 10-5) 4.36 × 10-6 2.03 × 10-5 

ZIF-70.20-80.80- (1.40 × 10-5) 7.52 × 10-6 1.92 × 10-5 

ZIF-70.26-80.74- (1.85 × 10-5) 3.11 × 10-5 1.87 × 10-5 

ZIF-70.37-80.63- (1.98 × 10-5) 7.30 × 10-5 1.91 × 10-5 

ZIF-70.47-80.53- (1.68 × 10-5) 2.78 × 10-5 1.74 × 10-5 

ZIF-70.52-80.48- (1.57 × 10-5) 2.35 × 10-5 1.67 × 10-5 

ZIF-70.90-80.10- (4.00 × 10-5) 8.33 × 10-5 3.52 × 10-5 

ZIF-70.98-80.02- (4.20 × 10-5) 1.22 × 10-4 3.94 × 10-5 

ZIF-7- (3.14 × 10-5) 1.23 × 10-4 2.68 × 10-5 

4.2 Mesoporous magnesium carbonate as a functional 

support and sorbent of water pollutants (Paper I and VI) 

4.2.1 MMC-composites as a functional UV-blocking sorbent 

The utilization of a porous material as a functional support for other com-

pounds offers several advantages, as such composite materials may possess 

additional properties which may make them superior to their pristine counter-

parts. Thus, this section of the thesis will investigate the utilization of MMC 

as a functional support for semiconducting titanium dioxide and zinc oxide 

nanoparticles. 

Composites of MMC, titanium dioxide (TiO2), and zinc oxide (ZnO) were 

obtained by homogenously dispersing the procured semiconductor nanoparti-

cles in a MMC suspension. The PXRD patterns of the obtained MMC-TiO2-

ZnO composites, containing 25 wt.% TiO2 and ZnO each, correspond to that 

of TiO2 (rutile) and ZnO (wurtzite) (Figure 15). No diffraction peaks for MMC 

was observed, due to the material being X-ray amorphous, nor that of MgO. 
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Figure 15. PXRD diffractograms of MMC-TiO2-ZnO composite, MMC, purchased 
TiO2 nanoparticles (rutile), and purchased ZnO nanoparticles (wurtzite). Adapted with 
permission from [118]. Copyright 2021 American Chemical Society. 

Further, SEM-EDS maps of the composite material (Figure 16) show the pres-

ence of well-dispersed aggregates of TiO2 and ZnO particles on the surface. 

Indicating that the nanoparticles were successfully incorporated into the MMC 

support. Additional TEM-images further confirmed this, as well-dispersed ag-

gregated TiO2/ZnO clusters were observed throughout the composite. 

The recorded SSABET of the composite was approximately 400 m2 g-1 which 

was lower than the surface area obtained on the pristine MMC material (~ 600 

m2 g-1). This decrease in surface area was not attributed to a significant reduc-

tion in porosity but due to an increased mass of the composite material as 

compared to MMC. Helium pycnometry measurements showed that the solid 

density of MMC-TiO2-ZnO was roughly 42% higher on the composite mate-

rial as compared to the pristine MMC, which corresponded well to the appar-

ent 42.5% decrease in SSABET. The average pore size of the two materials were 

also found to be comparable, thus indicating that TiO2 and ZnO were properly 

dispersed into the MMC support without blocking the pores. 
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Figure 16. (a) SEM, (b-d) EDS maps, and (e) TEM images of TiO2-ZnO-MMC. 
Adapted with permission from [118]. Copyright 2021 American Chemical Society. 
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FTIR and Raman spectra (Figure 17) showed no indications of TiO2 and ZnO 

nanoparticles interacting with the MMC. Bands corresponding to the Ti-O 

stretching in TiO2 (~500 cm-1), as well as those characteristic for MMC, i.e. 

in- and out-of-plane bending (v2, 852 cm-1, and 700 cm-1), asymmetric (v3, 

1413 cm-1) and symmetric (v1, 1095 cm-1) modes, were observed in the IR-

range (Figure 17a). No shift in the carbonate bands for MMC could be ob-

served in the IR spectra indicating a weak interaction between the MMC sur-

face and the TiO2 and ZnO nanoparticles. Similarly, the Raman spectrum (Fig-

ure 17b) for the composite exhibited bands characteristic for MMC, as well as 

those for TiO2 and ZnO. The bands corresponding to the Eg (~447 cm-1) and 

A1g (~608 cm-1) modes of TiO2 dominate the spectrum, however weaker bands 

related to the B1g (~142 cm-1) vibration mode and an additional band at 237 

cm-1 related to the second-order effect (or combination bands), were also de-

tected. Due to the high intensity of the TiO2 bands, only one ZnO-related band 

was observed in the Raman spectrum, which was located at approx. 98 cm-1 

and found to be related to the E2
low vibration mode of the molecule. The lack 

of band shifts for MMC in the Raman spectrum are in good agreement with 

what was observed from the IR spectra. Showing that no strong interactions 

between the semiconductor particles and support exist. 

Figure 17. IR spectra of (a) MMC-TiO2-ZnO, MMC, and TiO2, as well as (b) Raman 
spectra of MMC-TiO2-ZnO. Adapted with permission from [118]. Copyright 2021 
American Chemical Society. 

 

The interaction between the TiO2 and ZnO nanoparticles and MMC support 

were further probed using XPS, Figure 18. The spectra show the presence of 

characteristic peaks for MMC, corresponding to the CO3
-2 group (290.1 eV in 

the C 1s region and 531.8 eV in the O 1s region) and a Mg-O species (50.2 eV 

Mg 2p region). Additional peaks in the Zn 2p and Ti 2p regions coinciding 

with the Ti-O and Zn-O binding energies for TiO2 and ZnO, respectively, were 

also observed. No shifts in the peak positions corresponding to MMC were 



 

 58 

seen. Which further confirmed the lack of interaction between the TiO2 and 

ZnO nanoparticle and the MMC support. 

Figure 18. High-resolution XPS core-level spectra of (a) C 1s, (b) Mg 2p, and (c) O 
1s for pristine MMC, and (d) C 1s, (e) Mg 2p, (f) O 1s, (g) Ti 2p, and (h) Zn 2p spectra 
for MMC-TiO2-ZnO. Adapted with permission from [118]. Copyright 2021 American 
Chemical Society. 

 

The lack of interaction between the TiO2 and ZnO particles and the MMC 

support, suggest that the UV-absorbing properties of the semiconductors 

could be retained. This was indeed confirmed by solid-state UV-Vis (see Pa-

per I for more information). The composite was found to have similar optical 

properties as a solid mixture of TiO2 and ZnO. Thus, the photocatalytic per-

formance of TiO2-ZnO-MMC in comparison to pristine MMC was further in-

vestigated using amaranth red as a model compound, Figure 19. The adsorp-

tion of the anionic azo dye occurs rapidly within the first 30 min on both the 

composite and pristine MMC, reaching a total uptake capacity of 90%. Indi-

cating that the adsorption properties of the MMC support was retained despite 

the addition 50 wt.% TiO2 and ZnO in the material. The photocatalytic degra-

dation of amaranth by the composite was negligible and comparable to the 

physical mixture of MMC and TiO2/ZnO. This was partially attributed to the 
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encapsulation of the semiconductor particles in a layer of MMC, which pre-

vented the dye molecules from coming into contact with the TiO2 and ZnO 

surfaces. 

The TiO2-ZnO-MMC composite thus shows us that MMC may be a prom-

ising porous support for various pigments or other compounds without signif-

icantly influencing their optical properties. 

Figure 19. Photocatalytic performance of (black squares) TiO2-ZnO-MMC, (pink tri-
angles) MMC, (green triangles) solid mixture of TiO2 and ZnO nanoparticles, (blue 
triangles) solid mixture of TiO2, ZnO and commercial MgCO3, and (red diamonds) 
solid mixture of TiO2, ZnO and commercial MMC. Adapted with permission from 
[118]. Copyright 2021 American Chemical Society. 

 

4.2.2 Phosphate adsorption on MMC 

Pristine MMC was further evaluated as a sorbent for the removal of phosphate 

species in water. The equilibrium adsorption isotherms, Figure 20, shows that 

the uptake of PO4
3- was comparable for both MMC and commercial crystalline 

MgCO3 at concentrations above 50 mg PO4
3- L-1. A slight enhancement in ad-

sorption capacity was however observed at low concentrations on MMC, 
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which was attributed to an increased concentration of adsorption sites on 

MMC due to its high SSA. 

Figure 20. Equilibrium PO4
-3 uptake on (a) MMC and (d) commercial MgCO3. 

The PO4
3- adsorption kinetics, at initial concentrations of 100 mg L-1 (Figure 

21), further show that PO4
3- adsorption occurs at a faster rate in MMC as com-

pared to crystalline MgCO3, due to the higher SSA of MMC. The total PO4
3 

uptake after 16 hours was also observed to be nearly six times as high on MMC 

compared to MgCO3, showing that MMC has significant advantages over 

commercial MgCO3 for the removal of PO4
3-at low concentrations. 
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Figure 21. Phosphate adsorption kinetics on MMC and MgCO3. 

4.3 SLS 3D printing of pharmaceutical solid dosage 

forms 

The manufacturing of tailored dosage forms for the treatment of patients with 

specific needs remains a major challenge in the pharmaceutical industry. Ad-

ditive manufacturing or 3-dimensional printing has emerged in the last couple 

of decades as an attractive and promising technique for the fabrication of per-

sonalized medicines. As such, this section of the thesis will present the man-

ufacturing of solid dosage forms using selective laser sintering (SLS) 3-di-

mensional printing. 

The printed tablets were prepared from powder formulations containing 

Plasdone S-630 (60:40 linear copolymer of N-vinyl-2-pyrrolidone and vinyl 

acetate ), 0.5 – 1 wt.% activated carbon, and 1 wt.% colloidal silica (Aerosil) 

with the drug-loaded formulations containing an additional 10 wt.% naproxen 

as active pharmaceutical ingredient (API). Nine tablet batches were prepared 

at different laser-power ratios (LPRs), i.e. at varying degrees of laser energy 

input, ranging from 2 to 3 LPRs (Figure 22 and Table 11). 
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Table 11. Process parameters used for each formulation. 

Formulation Print bed tem-

perature (˚C) 

Feed bed tem-

perature 

(˚C) 

Laser power 

ratio 

(LPR) 

Layer height 

(µm) 

P-05-2 85 70 2 150 

P-05-2.5 85 70 2.5 150 

P-05-3 85 70 3 150 

P-1-2 85 70 2 150 

P-1-2.5 85 70 2.5 150 

P-1-3 85 70 3 150 

PN-1-2 85 70 2 150 

PN-1-2.5 85 70 2.5 150 

PN-1-3 85 70 3 150 

Well-sintered structures were obtained from all prints and an observable dif-

ference in tablet shades was detected arising from an increase in colorant con-

centration as well as a higher degree of powder sintering. 



 

 63 

Figure 22. Printed tablets containing (a) 10 wt.% naproxen and 1 wt.% activated 

carbon, (b) 1 wt.% activated carbon, and (c) 0.5 wt.% activated carbon. 

PXRD diffractograms of the printed dosage forms (Figure 23a-b) show no 

peaks corresponding to the crystalline phase of the API, indicating that a ma-

jority of the drug was amorphized in-situ. Similarly, the DSC thermograms of 

the tablets (Figure 23c-d) as well as physical mixture show no melting peaks 

corresponding to naproxen (Tm = 158.5 ˚C), however, this is attributed to the 

dissolution of the API in the viscous polymer melt which occurred at temper-

atures below the melting point of the drug. 
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Figure 23. (a - b) PXRD diffractograms and (c - d) DSC thermograms of the printed 

dosage forms as well as the physical mixtures and pristine polymer and API. 

The dimensions of the printed tablets remained somewhat consistent and only 

increased slightly with colorant concentration and drug loading (Table 12). 

However, a significant increase in tablet weight occurred with increasing LPR 

and colorant concentration, indicating a densification of the structures due to 

a higher degree of particle fusion. Similarly, the hardness of the printed tablets 

was highly dependent on not only the LPR and carbon concentration but on 

the printing angle as well (Figure 24). Furthermore, this corresponded to a 

lower friability of the printed tablets containing 1 wt.% carbon and that were 

printed at high LPRs (Table 12). Four batches, i.e. P-1-3, PN-1-2, PN-1-2.5, 

and PN-1-3, complied with the friability specifications given by the European 

Pharmacopoeia showing that the tablets possessed adequate mechanical 

strength. 
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Figure 24. Boxplots showing the correlation between tablet hardness, print angle, and 

LPR. 

 

Table 12. Physical properties of printed tablets. 

Formulation 
Length 

(mm) 

Height 

(mm) 

Width 

(mm) 

Weight 

(mg) 

Friability 

(wt. %) 

P-0.5-2 15.60 ± 0.42 5.16 ± 0.15 7.82 ± 0.02 205.5 ± 8.1 5.86 

P-0.5-2.5 17.86 ± 0.08 5.63 ± 0.07 7.95 ± 0.03 253.5 ± 6.3 3.73 

P-0.5-3 16.68 ± 0.07 5.31 ± 0.06 7.96 ± 0.02 300.3 ± 7.5 1.64 

P-1-2 18.14 ± 0.10 5.82 ± 0.04 8.48 ± 0.02 269.4 ± 7.0 2.67 

P-1-2.5 16.86 ± 0.03 5.44 ± 0.08 7.90 ± 0.02 329.6 ± 9.3 1.62 

P-1.3 16.81 ± 0.04 5.78 ± 0.03 7.89 ± 0.02 360.7 ± 9.5 0.68 

PN-1-2 17.27 ± 0.09 4.96 ± 0.03 8.14 ± 0.05 363.5 ± 8.6 0.62 

PN-1-2.5 17.31 ± 0.12 5.00 ± 0.07 8.21 ± 0.09 375.6 ± 15.8 0.64 

PN-1-3 17.30 ± 0.06 5.07 ± 0.02 8.27 ± 0.07 382.0 ± 22.5 0.85 
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5. Summary and future outlook 

Micro- and mesoporous solid sorbents (i.e. metal-organic frameworks and 

mesoporous magnesium carbonate) were investigated in this thesis for the cap-

ture and separation of various environmental pollutants. The selective capture 

of CO2 and SF6 in these MOFs were found to be governed by different mech-

anisms. The sorption of these gases in the ultramicroporous bismuth-based 

MOF UU-200 was found to be highly dependent on the structural properties 

of the framework. The crystallographic pore-limiting apertures of UU-200 

(3.4 – 4 Å) were found to coincide with the kinetic diameter of CO2 (3.4 Å) 

resulting in an enhanced molecular interaction between the CO2 molecules and 

the pore walls. The uptake capacity of SF6 however was attributed to frame-

work flexibility due to the large size difference between the SF6 molecules 

(5.5 Å) and the observed pore apertures. The sorption properties of the vana-

dium- and gallium-based MOFs UU-201-4, four highly N2-porous frame-

works, was however found to be solely related to pore size (i.e. kinetic) ef-

fects. The high uptake capacities and SF6 over N2 selectivities of these mate-

rials were attributed to the presence of suitably sized pores (i.e. approx. 6.5 x 

13.7 Å in size) which enhanced the interactions between the SF6 molecules 

and the pores of the materials. This was however not observed for CO2 due to 

its smaller size. Pore-size tuning was further investigated using mixed-linker 

ZIFs. The incorporation of a bulky linker, benzimidazolate (bIm), into the 

structure of ZIF-8 was found to produce mixed-linker ZIF-7-8 materials with 

various pore-limiting apertures as wells sorption properties. The uptake ca-

pacity and CO2/SF6-over-N2 selectivities could be tuned by incorporating dif-

ferent amounts of bIm into the structures. Mixed-linker ZIF-7-8s with low 

concentrations of bIm had increased N2-porosities and SF6 selectivities. A re-

versed trend was observed at high bIm concentrations, i.e. lower surface areas 

and reduced SF6 uptakes, however, an increase in the selective capture of CO2 

was obtained. 

The utilization of amorphous mesoporous magnesium carbonate (MMC) as 

an adsorbent for phosphate was also investigated. The study showed that the 

sorbent had a higher total uptake capacity as well as faster adsorption kinetics 

for phosphate ions (at an initial concentration of 100 mg L-1) as compared to 

commercial magnesium carbonate. This was attributed to the higher accessi-

ble surface area of MMC. Furthermore, MMC was also explored as a func-

tional support for semiconducting TiO2 and ZnO nanoparticles. The TiO2-
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ZnO-MMC composite was found to retain both the porosity of MMC as well 

as the UV-absorbing properties of TiO2 and ZnO. No chemical interactions 

were observed between the TiO2/ZnO particles and MMC, however, the pho-

tocatalytic performance of the composite was found to be negligible as com-

pared to pristine TiO2/ZnO. 

Lastly, the fabrication of solid dosage forms through selective laser sinter-

ing (SLS) 3-dimensional printing was also looked into in this thesis. Placebo 

tablets containing the thermoplastic polymer Plasdone S-630 and the NIR-ac-

tive pigment activated carbon as well as drug-loaded tablets prepared with an 

additional 10 wt.% naproxen were successfully printed. The weight, hardness, 

and friability of the tablets were significantly impacted by the carbon concen-

tration and the laser energy input (LPR). Structures of greater mass and me-

chanical strength were obtained with increasing pigment concentration and 

LPR. Amorphization of naproxen was also achieved in-situ during printing 

which will likely contribute to an enhanced solubility of the drug. 

In conclusion, metal-organic frameworks have been shown to have inter-

esting and tunable gas sorption properties that make them promising candidate 

sorbents for greenhouse gas capture and separation applications. Likewise, 

MMC has been proven to be a capable adsorbent for the removal of phosphate 

ions in aqueous solutions as well as a promising functional support. Further-

more, selective laser sintering 3D printing has been demonstrated as an inter-

esting technique for the fabrication of tablets with tunable properties for per-

sonalized medicines. 

This thesis covered a range of promising materials for a number of different 

applications. In order to fully utilize these materials, further optimization is 

needed, which will include: 

1. Investigations into the stability (e.g. chemical, water, cycling) and se-

lectivity in humid gas mixtures of the MOFs will be crucial in order 

to evaluate if the materials are suitable for real-life applications. 

2. Further exploration of the sorption properties of MMC, in regards to 

other environmental pollutants, as well as its capability to act as a 

support for other active materials will be interesting and could poten-

tially introduce further areas of application. 

3. Evaluation of the drug-polymer interactions, drug stability, as well as 

drug release profiles of the 3D-printed tablets will be of great im-

portance. Further studies using higher drug loadings would also be 

highly interesting for application purposes. 
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6. Sammanfattning på svenska 

Mikro- och mesoporösa material har under de senaste åren uppmärksammats 

på grund av deras intressanta egenskaper för en rad olika tillämpningar. I 

denna avhandling undersöktes mikroporösa metalorganic ramverk (MOFs) 

och mesoporöst magnesiumkarbonat för lagring och avskiljning av olika mil-

jöföroreningar. Det selektiva upptaget av växthusgaserna koldioxid (CO2) och 

svavelhexafluorid (SF6) i de undersökta MOF materialen visade sig vara starkt 

beroende av de strukturella egenskaperna hos materialen. Upptaget av CO2 i 

den vismutbaserade MOF:en UU-200 påvisades vara kopplad till den 

kristallografiskt uppmätta porstorleken av UU-200 (3,4 – 4 Å). En förstärkt 

interaktion mellan CO2-molekylerna och porväggarna erhölls på grund av att 

den kinetiska diametern för CO2 molekylerna sammanföll med porstorlek hos 

UU-200. Däremot påverkades inte upptaget av SF6, som har en kinetisk dia-

meter på 5,5 Å, av den uppmätta porstorleken utan befanns vara beroende av 

den strukturella flexibiliteten hos materialet. Gasupptagsegenskaperna för de 

mer högporösa vanadin- och galliumbaserade MOF materialen, UU-201-4, vi-

sade sig dock enbart vara relaterad till porstorlekseffekter. Det selektiva upp-

taget av SF6 i materialen visades vara relaterade till förekomsten av porer med 

lämplig storlek (dvs. ca 6,5 x 13,7 Å), vilket resulterade i en förstärkt inter-

aktionerna mellan SF6 -molekylerna och porytorna. Porstorlekseffekter under-

söktes vidare i zeolitiska imidazol ramverk (ZIFs), en underklass av MOFs 

som är isostrukturella med zeoliter.  ZIF-material innehållande två olika orga-

niska ligander, även kallat mixed-linkers, erhölls genom inkorporering av den 

större liganden benzimidazolat (bIm) i strukturen av ZIF-8. Dessa mixed-lin-

ker material påvisade ha en varierad porstorlek och upptaget av både CO2 samt 

SF6 kunde kontrolleras utifrån koncentrationen bIm in ramverken. Selektivi-

teten och lagringskapaciteten av SF6 befanns vara hög i de material som hade 

en lägre bIm koncentration och därav större porapertur, tillskillnad från CO2 

som adsorberade väl i de mixed-linker material med en relativt hög koncent-

ration bIm. 

Amorft mesoporöst magnesiumkarbonat (MMC) undersöktes även för lag-

ring och avskiljning av fosfater från vattenlösningar.  MMC befanns ha en 

högre lagringskapacitet samt snabbare adsorptionskinetik jämfört med kom-

mersiellt magnesiumkarbonat. Detta antogs vara relaterat till den höga poro-

siteten och tillgängliga ytarean på MMC. Vidare undersöktes även tillämp-

ningen av MMC som ett funktionellt stöd för TiO2 och ZnO nanopartiklar. 
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Den erhållna TiO2-ZnO-MMC-kompositen visade sig bibehålla såväl porosi-

teten hos MMC samt de UV-absorberande egenskaperna hos TiO2 och ZnO. 

Inga kemiska interaktioner mellan TiO2/ZnO-partiklarna och MMC kunde på-

visas, trots detta visades sig komposit ha försämrade fotokatalytiska egen-

skaper jämfört med de fria TiO2/ZnO partiklarna. 

Slutligen undersöktes även tillverkningen av tabletter för individualiserad 

läkemedelsadministrering genom selektiv lasersintring (SLS)-baserad 3D 

printing. De erhållna tabletterna, innehållande den termoplastiska polymeren 

Plasdone-S630 och aktivt kol (som NIR-absorberande pigment) samt läkeme-

delssubstansen naproxen, visade sig ha god morfologi och hållfasthet. Vikten, 

hårdheten som sprödheten av de printade strukturerna påverkades avsevärt 

både av kolhalten och energidensiteten hos lasern (även kallat LPR). Tyngre 

tabletter med en högre mekanisk hållfasthet erhölls då koncentration aktivt kol 

samt LPR:en ökade. Amorfisering av läkemedelssubstansen erhölls även un-

der tillverkningsprocessen, vilket kan bidra till en förbättrad löslighet av läke-

medlet i de 3D-printade tabletterna. 

Sammanfattningsvis så påvisades porösa material så som MOFs ha goda 

gasadsorptionsegenskaper och ha stor potential för olika tillämpningar relate-

rat till lagring och avskiljning av växthusgaser. Likaså, har MMC också visat 

sig ha förmåga att adsorbera och avlägsna fosfatjoner i vattenlösningar samt 

ha lovande egenskaper som ett funktionellt stöd till andra material. Slutligen 

visades selektiv lasersintring (SLS)-3D printing vara en intressant teknik för 

tillverkningen av tabletter med skräddarsydda egenskaper för individualiserad 

läkemedelsbehandling. 

Ett flertal material har således utvärderats i denna avhandling för en rad 

olika tillämpningar. Ytterligare studier kommer dock krävas för att optimera 

dessa material, så som: 

(i) Undersökning av stabiliteten hos MOF materialen mot kemiska sub-

stanser, vatten, och under kontinuerlig adsorption och desorption av 

CO2 och SF6. Samt hur det selektiva upptaget av dessa gaser i materi-

alen påverkas i närvaro av fukt. 

(ii) Lagringskapaciteten av MMC för andra miljöföroreningar samt dess 

förmåga att agera som stöd för andra material med olika optiska egen-

skaper. 

(iii) Interaktioner mellan läkemedelssubstansen och polymeren i de 3D-

printade tabletterna samt stabiliteten av läkemedlet (exempelvis under 

tillverkningsprocessen) och dess frisättningsprofiler från tabletterna. 
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